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ABSTRACT 

A summary  is presented of the experimental  p rogram conducted 
during the pas t  contract  year  for the study of the operating charac te r i s t ics  
of a repeti t ively pulsed two-stage coaxial plasma propulsion engine. 
r e su l t s  a r e  presented  in graphical form,  along with the interpretat ion of 
the data and the resul tant  logic f o r  the successive changes in engine design. 
The ma jo r  f ract ion of the program was devote$ to increas ing  the energy 
term represent ing  work done on the plasma,  I' i2 i dt, with r e spec t  to 

J o  

the lo s s  t e r m ,  

The 

,t 2 
.io i R dt, o r ,  in  other words,  by increas ing  C with 

r e spec t  to R. Severa l  possible means for  increasing L were  explored, 
i. e . ,  by al ter ing engine geometry,  a l ter ing propellant distribution in the 
engine, and increasing peak currents  ( s ince ,  under cer ta in  conditions, 
was found to be proportional to i ) by increas ing  c i rcu i t  capacitance and 
decreas ing  init ial  c i rcui t  inductance. 
monitored by means of exhaust s t ream calor imetry.  
explored, propellant distribution and engine geometry proved by f a r  to be 
the mos t  fruitful. Thrus t  balance and m a s s  flow measurements  were  
r e se rved  for  the m o r e  efficient of these configurations towards the end of the 
contract  year.  The peak energy efficiency (as defined by the ra t io  of exhaust 
s t r e a m  energy collected in a calor imeter  subtending an  edge-to-edge half- 
angle of 1 5 O  to the energy originally s to red  in  the capacitor) obtained a t  the 
end of the report ing 
overall efficiency ( T  / 2  rh P ) was 4270, at 6 KV, without taking into account 
possible m a s s  addition f rom the gun, which was predicted to be small .  
Te rmina l  cu r ren t  and voltage waveforms were  cor re la ted  with experimentally 
obtained magnetic field distributions in  the interelectrode region and beyond 
the muzzle  of both the s t ra ight  cylinder, radially fed gun and the m o r e  
efficient axially fed fo rm of the gun. Cur ren t  sheet  velocit ies were  cu r ren t  
dependent in the fo rmer  geometry and near ly  independent of cu r ren t  in the 
la t ter .  
for the mos t  efficient engine. 
velocit ies and luminous signals produced upon the a r r i v a l  of the acce lera ted  
p lasma a t  var ious  downstream points were  generally higher than the average 
velocit ies corresponding to the measured specific impulses.  
fu r the r  improving the performance of the engine sys t em a r e  outlined. 

The energy efficiency t rends  were  
Of the above var ia t ions 

er iod was 55'10 at a 3 KV operating voltage. Peak  5 

Specific impulses  ( T / k  g) were  in  the range of 3000 - 15, 000 seconds 
Part ic le  velocit ies deduced f rom cur ren t  sheet  

Methods for  

, 

i i  
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I. INTRODUCTION 

The work descr ibed he re  i s  par t  of a continuing program for  the 

investigation of the operating character is t ics  of a two-stage repeti t ively 

pulsed coaxial plasma acce lera tor  with the p r ime  objective of improving 

the overal l  efficiency of the device, Considerable success  has  been 

achieved toward this end a s  a result  of a s e r i e s  of modifications in  the 

e lec t r ica l ,  geometric,  and propellant loading cha rac t e r i s t i c s  of the 

second s tage engine system. A summary of the r eco rd  of efficiency im-  

provement  is shown in Fig. 1. For ease  of identification, acce le ra to r s  

incorporat ing the successive changes to be descr ibed h e r e  have been placed 

in  model  and mod. (modification) number categories.  A m o r e  o r  l e s s  

chronological accounting of the activities sponsored by this contract  has  

been chosen fo r  this  repor t  since,  in this way, the f ac t s  a l so  fall in a 

v-1  * uu"-A*uuA> c n m - . L l  r ,,,*.-a? 1-m; r. sequence. 

The general  procedure followed during the present  contract  period 

can perhaps  best  be understood in t e r m s  of the energy equation obtained 

f rom considering the gun c i rcu i t  equation : 
1 

I 

where L (t) = Lo t L x (t) 

Only two t e r m s  permanently accumulate energy in  this equation, 

t 2  t 2  1 .  
2 Jo 

i f, dt , represent ing work done on the plasma,  and Jo i R dt, 

-1- 



represent ing energy los t  in  heating the capacitor,  leads,  and the electrodes.  

It is apparent  that mus t  be increased  relat ive to R in  o r d e r  to improve 

engine efficiency. 

identified (Section 2.4 ) and the p rogram was geared for  studying t h e  changes 

i n  engine performance where these al terat ions were  instituted. 

Severa l  possible means  for  accomplishing this were 

Since considerable effort  was required during the pas t  contract  period 

t o  operate  the engine sys tem on a thrus t  balance, i t  was decided to  put this 

technique temporar i ly  as ide i n  favor of a much eas i e r  means for  monitoring 

the engine performance changes during the var ious al terat ions that were  ca r r i ed  

out. 

Thusm the engine sys tem left  over  f rom the previous contract  period was 

subjected to operation a t  higher values of capacitance to s t a r t  off the contract  

yea r  reported here  (Section 2). The next s tep  was the introduction of a much 

lower inductance energy s torage capacitor bank with the promise  of bet ter  

performance of the engine sys tem (Section 3 ) .  

become fact,  a program of successive engine geometry and propellant dis-  

tribution changes were ca r r i ed  out until a m o r e  efficient configuration was 

found. 

stage of the engine, with cold g a s  t r iggering of the discharge (Sections 4-10). 

At the same  time, the or iginal  gun was subjected to B probe and t e rmina l  

cu r ren t  and voltage waveform studies to  l e a r n  m o r e  about the detailed operation 

of the two-stage gun (Section 3 ) .  

obtained, towards the end of the contract  period, th rus t  balance and m a s s  

Exhaust s t r eam ca lor imet ry  was the technique chosen for this purpose. 

Since this promise  did not 

These  studies were  ca r r i ed  out most ly  in  the second (high power) 

e 

When a suitably efficient configuration was 

2 



flow measuremen t s  were  reinstituted and data w e r e  obtained (Sections 10 

and 11). B 

cu r ren t s  both inside and outside of the gun (Section 10)  and optical  

techniques w e r e  used to obtain particle velocit ies outside the gun (Section 1 I ) .  

Finally, the mos t  significant t rends  obtained during the p rogram a r e  

sumrr,arized 2nd r e ~ ~ m - m e n d a t i o n s  f o r  fur ther  imprnvem-ents a r e  0- aiven 

(Section 12). 

p robes  and Rogowski loops were  used  to explore  p lasma b 

3 
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2. MODEL R PLASMA ACCELERATOR - Mark 1 Capacitor Bank 

2.1 Specifications 

a. Model R Accelerator  ( S e e  a l so  Fig.  2) 

Propel lant  feed: Radial injection 7. 5 c m  f rom the front  face of 
the insulator;  continuous flow of about 10m6Kg/ 
s e c  nitrogen. 

Operating mode: Two stages; both s tages  coaxial  guns. 

Outer Elec t rode :  8.75 cm diameter ,  55 c m  long. 

Inner Elec t rode :  5.00 cm diameter ,  end of e lectrode flush with 
end of outer electrode. 

b. Mark 1 Capacitor Bank 

Capaci tor :  Cornel1 Dubelier NRG-204 

Capacitance: Individual units - 15 ufd. 
Bank - 45 ufd increased  to 75 ufd. 

Voltage : 20 KV maximum rating. 

Unit Inductance: 60 nanohenries 

urrit Q: 3 , h  @ I O 0  KC 

Init ial  Circui t  Inductance (Lo):  89 nanohenries ( for  the 45 ufd bank) 

Lead Configurations : Three capaci tors  i n  parallel .  
Para l le l  copper s t r i p s  to individual capacitors.  

2. 2 General  Description 

The engine studied a t  the initiation of this cont rac t  period was identical  

to that  used during the final s tages  of the preceding per iod covered by contract  

NAS3-2502. In o rde r  to determine the effect  of increased  capacitance on 

engine efficiency, two 15 ufd capacitors were  added to the existing 45 ufd 

bank t o  provide a total  bank capacitance of 75 ufd. 
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2 . 3  Exhaust S t r e a m  Calor imetrv 

The 142 gm., 24 cm. diameter conical copper ca lor imeter  used in 

1 
the previous measurements  was again used at a position 15 cm. f rom the 

muzzle  of the accelerator .  Ten  t o  twenty shot samples  were  taken with the 

engine f i red  a t  a r a t e  of 1 shot pe r  second. The r e su l t s  of these measu re -  

ments  compared with those obtained for 15 ufd and 45 ufd capacitances a r e  

shown in Fig. 3 a s  the rat io  of exhaust s t r e a m  energy per  shot to the 

init ially s tored energy pe r  shot (energy efficiency). The t rend  toward in- 

c r e a s e d  energy efficiency with increasing voltage and capacitance is 

c lear ly  demonstrated fo r  this configuration. The maximum energy efficiency 

obtained f rom these  runs was 16%. 

2.4 Discussion 

In looking fo r  ways in which to improve the operating efficiency of the 
- 

engine system, i t  is useful to contempiate the power t e r m s  

represent ing  power going into mechanical work done on the plasma,  and i R 

represent ing  power wasted in the system. must  be in- 

c r e a s e d  relat ive to R in  o r d e r  to accomplish the improvement.  This  may be 

c a r r i e d  out in  seve ra l  ways: (1)  

charge period, since it is probable (e. g. according to the anisotropic shock 

model ) that  is proportional to  i ; ( 2 )  increas ing  i by geometr ical  

changes in  the gun; and ( 3 )  decreasing R by improving the "Q" of the 

d ischarge  circuit. 

sys t em was along the l ines of method (1). 

I / L  l L  L , 
2 

It is apparent  that  

increasing the cu r ren t  by decreasing the dis-  

1 

The next s tep chosen f o r  the development of the engine 
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The a r e a s  mos t  readily accessible for  a l terat ions designed to improve 

the energy efficiencies appeared to be in  the capaci tor  bank. The relat ively 

high equivalent s e r i e s  res i s tance  (low a), and high inductance of capaci tors  

and leads gave r i s e  to major  dissipating fac tors  i n  the circuit. (The  high 

external  inductance r e su l t s  i n  losses  when a crowbar  discharge occur s  at 

any t ime other  than at a cur ren t  zero,  s ince the magnetic field energy s tored  

externally is subsequently dissipated externally. ) With this  i n  mind, the 

Mark I1 capacitor bank was constructed. 

9 



3. MODEL R PLASMA ACCELERATOR - Mark I1 Capacitor Bank 

. 
I hence L ,  capacitors were  chosen with lower in te rna l  inductances, m r e  

3. 1 Specifications 

1 units were  placed in para l le l  to dec rease  fur ther  the s t r a y  inductance, and 

a. Model R Accelerator  (See a l so  Fig.  2) 

Propellant feed: Radial injection 7. 5 cm f rom the front  f ace  
of the insulator ;  
l o m 6  Kg / sec  nitrogen. 

continuous flow of about 

Operating mode: Two s tages ;  both s tages  coaxial guns. 

Outer Electrode : 8.75 c m  diameter ,  55-70 cm long. 

Inner Elec t rode :  a )  5. 00 cm diameter ,  end of the electrode 
flush with the end of the outer electrode. 

b) 
to  2.5 cm diameter ,  10 cm.away f rom the 
f ront  face of the insulator. 
f lush with the end of the outer electrode. 

5. 00 cm diameter  up to s h a r p  t ransi t ion 

End of the electrode 

b. Mark I1 Capacitor Bank 

Capacitor:  Tobe Deutschmann Labora tor ies ,  Inc. Model 
NO. ESC-258. 

Capacitance: 5 ufd p e r  unit 
up to 9 units in para l le l  for 45 ufd. 

Voltage : 12 KV maximum rating. 

Unit Inductance : 20 nanohenries. 

Initial Circui t  Inductance (Lo)  : 15 nanohenries 

Q: Units 9 @ 100  KC - Bank 5.4 @ 100 KC 

Lead Configurations : Nine units mounted on two, para l le l  
aluminum d i scs  42" d iameter ,  separa ted  
by polyethylene insulator.  

3. 2 General Description 

In l ine with the decision to inc rease  the peak c i rcu i t  cur ren t ,  and 



a lower inductance ha rness  was designed to feed the gun. 

with super ior  "Q 's "  were  not readily available, i t  was not prac t ica l  to 

dec rease  R significantly a t  the same time a s  C was increased ,  but, at 

Since capaci tors  

l e a s t  the total  internal  res i s tance  of a 45 ufd bank of the new units seemed 

comparable with that of the 45 ufd Mark I bank, based on the f igures  avail-  

able ii-oiii the ni~rii ifacti irers.  

Unlike the previous assembly, where the capacitor bank operated in  

a vacuum environment, the Mark I1 bank was external  to the vacuum tank 

with only the acce lera tor  b a r r e l  projected into the vacuum. 

of the assembly  is shown in Fig.  4. 

A photograph 

This  a r rangement  was in  use  until the 

final qua r t e r  of the present  contract, a t  w h i c h  time the capacitor bank was 

t r a n s f e r r e d  to a pressur ized  housing which was mounted on a th rus t  balance 

in the vacuum chamber. 

Sample oscil loscope t r a c e s  of the voltage and cu r ren t  t rans ien ts  for 

this configuration a r e  shown in F ig .  5. 

Be measurements  were  made in  the interelectrode region of the 

second stage of this gun. Two B probes (located a t  the s a m e  longitudinal 

but d i f fe ren t  azimuthal positions) were used to determine the azimuthal  

8 

uniformity of the cur ren t  sheet. 

The longitudinal position of the probes was var ied f rom a position 

( Z  = 0.8 cm f rom the f ront  face  of the ver t ica l  insulator  to Z = 49.8 cm 

while the second stage voltage was var ied  f rom 4 to 10  KV. 

11 



Figure 4. Mark I1 Capacitor Bank Mounted on Vacuum Chamber  Pumping Pla te  
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upper-current  
lower -voltage 
capacitance 
t ime scale 
propellant flow 

110 K a m p s / c m  
5 KV/cm 

1 ~1 s e c / c m  
1 mg/sec ,  

4 5  p f d  

N2 

Figure 5. Voltage and Current  Transients - Model R Gun, Mark I1 Bank. 
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The resul ts  of these measu remen t s  show the cu r ren t  shee t  velocity 

to be dependent on both the 2nd. s tage init ial  voltage, and the instantaneous 

magnitude of the current.  

velocity was also a maximum and ranged f r o m  9.0 c m / u s e c  at 4 KV to  

22.5 c m / u s e c  at 10 KV, 

At cu r ren t  maximum ( t  = 1.8 usec. ), the 

The azimuthal uniformity of the cu r ren t  sheet  as determined by the 

two magnetic field probes was usually within -4 10%. 

A ser ies  of Be probe signals taken at different axial  positions in  the 

gun is shown in Fig. 6. These  data a r e  replotted as Be v s  Z at different 

t imes  in  Fig. 7. The curves  s e r v e  s imply to connect the data points r a the r  

than to  imply detailed shape of the magnetic field s ince sufficient data w e r e  

not available to war ran t  the use  of e r r o r  bars .  

- 

Cur ren t  sheet  position as defined 

by the half-maximum point in the B field, and velocity v s  t ime data for  - 6 

var ious operating conditions are  shown in F igo  8, along with the integrated 

Rogowski loop and voltage probe signals taken at the gun terminals .  It is  of 

obtained f r o m  the B probe in t e re s t  t o  note in  Figo 8 that the current ,  iBe, 

signal at the trail ing edge of the cu r ren t  sheet,  b reaks  away f r o m  the Rogowski 

e 

loop signal a t  about 1 usec,  implying e i ther  a breech  crowbar  a t  this t ime o r  

establishment of volume cu r ren t  behind the sheet. 

is the varying dependence of the cu r ren t  shee t  velocity, x , on the current .  

This  dependence is displayed m o r e  c lear ly  in  Fig. 9. 

velocity has  been cor rec ted  to  account fo r  a n  exponentially decreas ing  density 

along the axis of the accelerator .  

Also of i n t e re s t  i n  Fig. 8 

The  cu r ren t  shee t  

1 
F o r  the s imple  anisotropic  shock model , 

14 



(a) X = 4. 8 c m  (b) X = 9. 8 c m  

(c) X = 19.8 c m  (d) X = 29 .8  c m  

(e) X = 39. 8 c m  ( f )  X = 49. 8 c m  

( a ) ,  (b) €? 8 = 7.28 k g a u s s / c m  

( c ) ,  (d ) ,  ( e ) ,  ( f )  B8 = 3. 64 k g a u s s / c m  

Upper T r a c e :  C u r r e n t  = 2. 07 x 10 a m p s / c m  
V o =  1 0 K V  
t = 1 u s e c / c m  

5 

Figure 6. B e Probe Signals a t  Several  Axia l  Posit ions in the Model R 
Accelerator  e 
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where  po has  a rb i t r a r i l y  been chosen 112 this cor rec t ion  fac tor  is ( P I P , )  

to be at the g a s  ports. F o r  the Model R acce le ra to r ,  t he re  is approximately 

a two-orders-of magnitude change in density along the axis. 

is that obtained f rom the Be probes and thus is only the cu r ren t  i n  the sheet. 

The cu r ren t  

When the density correct ion is not taken into account, o r  when a 

( P I  P o )  l 2  correct ion (snowplow model) i s  applied instead, the relationship 

shown in Fig. 9 becomes a double-valued function of the current.  

the ordinates  obtained during current  r i s e  do not correspond to  those obtained 

during cu r ren t  fall. 

That is, 

An accounting of e lec t r ica l  energy a s  a function of t ime for 10  KV 

I h  I -- operziting conditions is shown in Fig.  i L’. in 1 ~ g .  10, L a d  L ~ . r e ~ = :  

obtained direct ly  f rom the data of Fig. 8, and R was obtained f rom the 

Q measurements  descr ibed l a t e r  in  sect ion 10.6. 

In adding UP the energies  i r s ~ r i i  various eompozieziiu iii IL’ig. i o ,  ~t 

should be real ized that  at l ea s t  10% e r r o r s  i n  each fac tor  could add up to 

explain that a f te r  1 microsecond, the sum is g rea t e r  than the init ial  energy. 

It can  be seen  that about 35770 of the to ta l  ini t ia l  energy is dissipated in  the 

ex terna l  res i s tance  for  the circui t  a t  the point of complete discharge of the 

capacitor (t = 2.0 1 sec)  and about 58770 is ult imately dissipated there.  

3 . 4  Exhaust  S t r eam Calorimetry 

F o r  purposes  of comparison with the measurements  per formed 

previously,  the s a m e  calor imeter  and ca lor imeter  calibration techniques 

19 
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were  employed throughout the major portion of the contract  period. To show 

the t rend  of energy efficiency v s  voltage, some of the resu l t s  a r e  plotted 

i n  the graph shown in  Fig. 11. 

- 

A comparison of these results with those obtained with the Mark I 

capacitor bank indicate no significant i nc rease  in  energy efficiency. 

Attempts to  improve this efficiency by var ia t ion of acce lera tor  length 

between 50 and 70 cms  were unsuccessful. A definite improvement was 

achieved by decreas ing  the diameter of the cent ra l  electrode f rom 5 to 

2. 5 cm. 

acce le ra to r  and hence L relat ive to R, s ince the sheet  velocity did not 

This resul ted in  an  increase of the inductance pe r  unit length of the 

become significantly smal le r .  

a r e  plotted in Fig. 11. W i t h  the 2.5 CM diameter  electrodz, ei>ei.gy c f f i i i c i i c y  

was over  twice that observed with the 5 cm unit a t  voltages below 10 KV. At 

vultages above 10 KV, no signiiicant i nc rease  in  efficiency was obtained with 

The resu l t s  for the 2. 5 cm diarxctcr e lectrode 

The above data gave insight into the methods for  fur ther  improving the 

operation of the engine system. 

Te rmina l  measurements  indicated three  main  differences between the 

e l ec t r i ca l  cha rac t e r i s t i c s  of the Mark I1 and the Mark I banks: 

c u r r e n t  waveforms were  in  general  shor te r  i n  durat ion for  the Mark I1 bank 

(2570 s h o r t e r  in  the f i r s t  half cycle;  23070 shor t e r  i n  the succeeding half 

cyc les ) ;  

1) the 

2) the f irst  half cycle of current  was 180T0 longer in  duration than 

21 



20 
19 
18 
17 
16 
15 

$ 14 
> 13 
0 

W 
2 12 

I I  
IO 

w a  
J 

rr 
w 7  
W E  
Z 

F * 

4 
7 
u 

2 
I 
C 

I 

ACCELERATOR LENGTH -50 CM 
MASS FLOW - I  Mg/sec N2 

2.5 CM 
I NNER 

x/’ D’ 

0 ,’ / /’ / 

DIAM 
ELECTRODE, 

/ 
/ 

7 
/ / 

/ / /’ 

/’ 
/ A  / 

/ 0  
/ 

/ 5 C M  DIAM INNER 
/ ELECTRODE 

/ / 
//e 

/ 
/ 
/ 
I 
0 

/ 
I I I I I I I I I I I I I 1 

~ 

1 I 2 3 4 5 6 7 8 9 1011 121314 
INITIAL CAPACITOR VOLTAGE - K V  

Figure  11. Energy Efficiency vs Initial Capac i tor  Voltage - Model R Gun, 
Mark I1 Bank. 

22 



the succeeding ones f o r  the Mark I1 bank; all half cycles were  approximately 

equal i n  duration f o r  the Mark I bank; 3) the first half cycle cu r ren t  

peak fo r  the Mark I1 bank was 15% higher than that  for  the Mark I bank. 

These facts ,  together with the assumption that f ,  is proport ional  to the cur ren t ,  

imply that  was g rea t e r  for  the Mark I1 bank than for  the Mark  I, since R 

was essent ia l ly  tiie Saiiie for both. I: spite ef this inc rease  in C and de-  

c r e a s e  in  external  i- R los ses  ( a s  indicated by approximately equal first 

half cycle cu r ren t s  and much lower r e v e r s a l  cur ren ts ) ,  the energy 

efficiency was unchanged. 

itself for  the Mark I1 bank. 

2 

This implies a g rea t e r  energy loss  in the gun 

Tiicrezsiag I: '-7, u y  ch=nnn;r ,n  L''s**6*L&6 r h o  .lll_ &--- ,- in g<:-;m+v-y- ------ ~ J ~ ~ . , ,  Ld tv be a ;12.>yp 

f rui t ful  approach to improving the efficiency of the engine sys tem,  at l ea s t  

at the lower operating voltages. This approach was continued in  the r e -  

I^ - : - A - .. 
I*IaI**ubI of t h e  pr=gr31??. 

It was fe l t  at this point that mos t  of the useful data had been obtained 

with the present  experimental  arrangement  using the rela+:-- L L V  cly simple 

continuous propellant mode of operation, and that another logical s tep  in 

increas ing  the energy efficiency of the thrus tor  would be to investigate 

the effects of significant alterations in the propellant density distribution 

in the gun b a r r e l  j u s t  p r ior  to breakdown. To this end, a gas  propellant 

injection valve 

use  on a repeti t ive bas i s  and incorporated in subsequent gun configurations. 

2 3 
util ized ea r l i e r  fo r  single shot studies was modified for  

2 3  



A number of advantages were  anticipated i n  adopting the pulsed gas 

injection mode of operation for  the repeti t ively f i red  gun: 

loading per  shot without overloading the vacuum sys tem with the g a s  flow 

between shots;  

of m a s s  utilization of the discharge i tself ,  since the m a s s  of i n t e re s t  would 

no longer be a small fraction of the total  mass flow as it was for continuous 

flow; 3)  the  ability to operate  in the laboratory a t  moderately low power 

levels  an engine with high mass utilization, (Eff ic ient  m a s s  utilization with 

continuous propellant would requi re  a pulsing r a t e  between 500 - 1000 s e c - l  

and 1.1 megawatts o r  m o r e  of input power to  operate  the 45 ufd s torage  bank 

at 10  KV); and 4) a wider range of propellant flow ra tes ,  (under  continuous 

operation, the flow ra t e s  were  l imited to values between 0.5 x 10 and 

4. 5 x 10 Kg s e c  . Below the lower l imit ,  the discharge could not be 

t r iggered;  above the upper l imit ,  the second stage could not support  the 

energy storage bank potentials);  and 5) m o r e  flexibility i n  shaping the 

pref i re  density distribution of the propellant. 

1) higher m a s s  

2 )  the opportunity for m o r e  accurately determining the degree 

-6 

-6 -1 
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4. MOD. R-1 PLASMA ACCELERATOR 

4. 1 Specifications 

+Propel lant  feed: Radial  injection 7. 5 c m  f r o m  the front face of 
the insulator;  
Kg / sec  nitrogen with a g a s  pulse f rom a fas t  
acting valve superimposed,  o r  gas  pulse only. 

6 continuous flow of about 10- 

Operating mode:  Single stage, g a s  pulse tr iggered. 

Outer Elec t rode :  8.75 cm diameter ,  55 cm long. 

Inner Elec t rode :  5.00 cm diameter ,  end of the electrode flush 
with the end of the outer  electrode. 

Capacitor Bank: Mark I1 

4. 2 Genera l  Description 

The f i r s t  s tage of the Model R acce le ra to r  was removed and a fast 

fo r  it. For purposes  of examining the effect of pulsed injected gas super -  

ii-iiposed upon a continuous flcw of propellant through the  accelerator, a 

controlled leak was introduced into the valve. The ilow was adjusted to a 

- 1  
r a t e  of lo- '  Kg s e c  A ,  the usual flow rate for  the previous Model R 

acce lera tors .  F o r  the sake of comparison, the gun was operated a l so  with 

the gas  pulse alone. 

4. 3 Exhaust  S t r e a m  Calor imet ry  

With the ca lor imeter  20 c m  downstream f rom the acce le ra to r  muzzle,  

the measu red  efficiencies ranged from 16 to 2270 in  the voltage range f rom 4 to 

12  KV. The resu l t s  a r e  plotted in  Fig. 12. It should be noted that the 

efficiency at the lower voltage was about 5 t imes  that measu red  previously 

with continuous propellant flow alone, while that the upper range was about 

':-Change f r o m  Mod. R Accelerator 
. . . . . . . . . . . . . . . . . . . .  
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40% higher than the best  values obtained ear l ie r .  

Efficiencies measured  with pulsed gas injection alone into an  

acce lera tor  with continuous flow eliminated, were  approximately 2570 

lower than the above values. 

4.4 Discus s ion 

The pronounced effect  on efficiency due to changes in the propellant 

loading of an  otherwise s imi l a r  accelerator  appeared to p re sen t  another 

significant means  to improve further engine performance.  

best  efficiencies were  obtained with acce le ra to r s  having propellant distribution 

along the ent i re  length of the ba r re l  p r io r  to gas t r iggered breakdown, 

The fact  that  the 

S",-T",=.C U,,cYtel? that such gas loading must he accom-plished, but without r e s o r t  

t o  continuous flow and i t s  inherent deficiencies discussed ear l ie r .  The 

succeeding Mod. R-2 acce lera tor  was an at tempt  to fuifiii the predicted 

--,>-.-::. 1 1. L - : I - . - A :  - ~ -  ---I._ ~ - ^ - _ -  c,. yz.-,y.-.L.&lL c:ls:L;-;:;L:L;"II I c . * . . : I  c L : I E L : : = =  1: Gt:!: Zfl:! iEterE21 C w i t c h i r , n  
=I-- ,-. 

a r rangemen t s  intended to permit  more complete filling of the acce lera tor  

b a r r e l  and closure of the valve pr ior  to  initiation of the discharge. 
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5. MOD. R-2 PLASMA ACCELERATOR 

5. 1 Specifications 

:::Propellant feed: Radial  injection 19. 25 cm f rom the front  
face of the insulator ;  pulsed nitrogen into 

- mrn background. 

:$Operating mode : Two-stage; f i r s t  s tage is an  internal  s e r i e s  
switch t r iggered  by the a r r i v a l  of the gas 
pulse near  the breech. 

8. 75 cm diameter  

5. 00 cm diameter ;  
f lush with the end of the outer  electrode. 

+Outer Electrode : 

:kInne r Electrode : 

37. 5 c m  long. 

end of the electrode 

5. 2 General  Description 

Two variations of what was essent ia l ly  a n  internal  s e r i e s  switch 

were  examined. One configuration shown in  Fig .  13 ,  consisted of a tri- 

axial  arrangement  of e lectrodes with the intermediate  e lectrode initially 

e lectr ical ly  t'floating't and inner  and outer  e lectrodes connected to the high 

potential and ground side,  respectively,  of the capacitor bank. Propel lant  

was pulsed from a point a lmost  midway along the length of the inner  e lectrode 

into the space separating it f rom the intermediate  electrode, thus allowing it 

to diffuse toward both the breech  and the muzzle of the acce lera tor .  

breech, it was permit ted to flow radially toward the outer e lectrode through 

holes placed around the per iphery of the intermediate  electrode. 

sufficiently high density achieved between the electrodes in  the region of the 

holes,  breakdown of the discharge was initiated. Measurements  indicated 

delay t imes  between opening of the valve and ignition of the discharge ranging 

At the 

With 

- - - -  - - - - -  - - _ _ _  - - - -  
::'-Changes from Mod. R-1 Accelerator  
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GUN FLANGES - 

GAS I 
VAL 

TR I AX1 AL CONF I GURAT ION 
Figure  13a. Internal  S e r i e s  Switch, Mod. R -2 Acce lera tor  Configurations. 

GUN FLANGES - 
n n m  

GAS INLET 

VALVE 

FLOAT I NG OUTER ELECTRODE CONF IGURAT I ON 

Figure  13b. Internal  Se r i e s  Switch, Mod. R-2 Accelerator  Configurations. 
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f rom .4  - . 9 milliseconds, depending on valve operating voltage. Calor i -  

m e t e r  measurements  of efficiency proved disappointing, however. (See below) 

Another configuration not requiring the third cylindrical  e lectrode 

was tested. In this design, the outer electrode was initially e lectr ical ly  

isolated f rom both the intermediate  ground potential capacitor flange and 

the high potential inner electrode. Here  too, propellant was admitted 

approximately midway along the inner  e lectrode axis  and allowed to  diffuse 

toward both the breech and the muzzle of the accelerator .  Triggering took 

place automatically when the g a s  density a t  the breech  was sufficiently high 

for  breakdown between the high potential inner  e lectrode and the ground 

flange. 

magnitude and orientation to "blow" the discharge into the region between the 

It was postulated that the field at the flanges might be of sufficient 

cylindrical  electrodes so that the outer e lectrode became a cur ren t  c a r r i e r  

and the sheet  could be acce lera ted  along i ts  length in  the s a m e  manner  as 

i f  i t  had been directly connected to ground. 

the predicted delays between valve actuation and discharge initiation (up  to  

1 millisecond),  and proper  operation of the accelerator .  

5. 3 Exhaust S t ream Calor imet ry  

Exper imenta l  resu l t s  indicated 

The highest energy efficiency achieved with the t r iax ia l  configuration 

was 670, while that for  the succeeding configuration increased  to only 12%. 

5.4 Discussion 

The poor per formance  of these acce le ra to r s  can m o s t  likely be attr ibuted 

to  the undesirably high res i s tance  introduced by the s e r i e s  gaps and 
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intermediate  electrodes.  In view of the disappointing performance of the 

configurations incorporating internal s e r i e s  switches,  this approach was 

s e t  as ide  in favor of more  fruitful  modifications aimed a t  improving 

propellant distribution. 
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6. MODEL A PLASMA ACCELERATOR 

I 6. 1 Specifications (See a l so  Fig. 14) 

:::Propellant feed: 

::Port s ize :  

:::Operating mode : 

::Outer Elec t rode :  

::Inner Electrode:  

Capacitor Bank: 

6. 2 General  Description 

Axial injection 5 cm f rom the front  face of the 
insulator ;  pulsed nitrogen into - 10 m m  
background. 

-6 

Six holes, each 0.4 m m  diameter.  

Single s tage;  gas  t r iggered  discharge.  

8.75 cm diameter  35 cm long. 

5.0 cm diameter  to  a distance 3. 5 c m  f rom the 
front  face of the insulator,  followed by a 27O 
transi t ion to 2. 5 c m  diameter ,  a s t ra ight  sect ion 
1 cm long, and a second 27 t ransi t ion to 1. 27 cm 
diameter .  End of the electrode flush with the end 
of the outer electrode. 

0 

Mark I1 

A center e lectrode was constructed in  which it was anticipated that  

the combination of the f a s t  acting valve and appropriate  nozzle design would 

pe rmi t  injection of j e t s  of propellant which extend a substantial  distance 

along the length of the acce lera tor  p r io r  to buildup of sufficient gas density 

in  the interelectrode space to init iate breakdown of the discharge.  The 

means  for producing these s t r e a m s  was centered in  a s e t  of hypodermic 

needles arranged around the per iphery of the electrode a t  the valve seat.  

6. 3 

, 

Calorimetr ic  Measurements  in the Exhaust S t r eam 

The highest energy efficiency obtained with this configuration 

- - - - - - _ - - - _ _ _ _ _ - - -  - 
':'-Changes from Mod R S e r i e s  Acce lera tors  
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was 25% with 6 KV initially on the energy s torage bank. At 8 KV, a value 

of 227'0 was determined. Operation of the acce le ra to r  was e r r a t i c  a t  this 

voltage, however, with considerable premature  breakdown of the discharge.  

6.4 Cold Gas Trave l  P r i o r  to Breakdown 

An attempt at obtaining the axial  distance t r ave r sed  by the cold g a s  

pr ior  to breakdown was made by inser t ing a b a r r i e r  nea r  the g a s  por t s  to 

cause ea r ly  breakdown by diverting the g a s  radially towards the outer 

electrode. 
t 

The breakdown appeared to occur  about 100  - 20 microseconds 

sooner with the b a r r i e r  in  place, implying that the g a s  travelled for  about 

100  microseconds ( o r  only about 4 cm, assuming the front  to move at sonic 

velocity in nitrogen) before breakdown. 

6. 5 Discussion 

The je t  action predicted for  this par t icular  configuration did not appear  

to be born out to the extent des i red  in practice.  

holes was the next logical s top in this empir ica l  approach, since this would 

at leas t  result  in  a g rea t e r  portion of injected propellant in the interelectrode 

space and less  in  the nozzles a t  the t ime of discharge. 

Enlargement  of the injector 
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Propel lant  feed : 

::Port Size : 

Operating mode : 

Outer Elec t rode :  

Inner Electrode : 

Capacitor Bank: 

Axial injection 5 c m  f rom the front face of the 
insulator; pulsed nitrogen into - 1 0  m m  
background. 

-6  

Six holes, each 1. 35 m m  diameter .  

Single- stage; gas t r iggered  discharge. 

8.75 cm diameter  20, 25 and 35 cm long. 

5 cm diameter to a distance 3.5 c m  f rom the 
front  face of the insulator ,  followed by a 27O 
transit ion to 2. 54 cm diameter ,  a s t ra ight  
section 1 cm long, and a second 27 t ransi t ion 
to 1. 27 cm diameter.  End of the electrode 
3. 5 cm- frnm- end of ~ ? ~ t e r  c l c r t r c .de .  Anether 
coniiguration eliminated the second t ransi t ion 
and utilized a s t ra ight  section 2. 54 cm diameter.  

0 

Mark I1 

7, 2 C-errerd Description 

This  acce lera tor  was identical to the Model A configuration with the 

exception that the hypodermic needle injectors  were rem-nved and the r e -  

maining holes used as injector nozzles. 

7. 3 P a r a m e t r i c  Studies with Exhaust S t r eam Calor imet ry  

An immediate  consequence of enlarging the por t  s ize  of the Model A 

acce le ra to r  was the achievement of increased calor imetr ical ly  measured  

energy  efficiencies throughout the range of voltages examined. Variation 

of efficiency with voltage, capacitance, and gun length was studied 

::-Changes f rom Model A Accelerator. 
. . . . . . . . . . . . . . . . . . . . . . .  
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systematical ly  with this configuration, and the following t r ends  were  r e  - 

vealed:  An optimum init ial  voltage existed fo r  each gun length. An optimum 

1 gun length a l s o  existed for  the specifications given fo r  the Mod. A-1 

acce lera tor .  The efficiency t rends  with voltage a r e  shown in  Fig. 15. 

F igu re  16  shows the maxima of the curves  of Fig. 15 to m o r e  c lear ly  indicate 

~ the approximate optimum gun length for  these par t icu lar  operating conditions. 

Some of the 5 microfarad  units were  removed f r o m  the bank to 

examine the efficiency t rend  with capacitance for the 20 c m  gun length. 

These  data a re  shown in  Fig. 17. 

i nc rease  of efficiency with capacity noticed previously with a 55 cm gun 

(Model R: 15-75 mfd) is not indicated here. 

It is of i n t e re s t  to  note that the continual 

In fact, the 30 mfd bank s e e m s  

to per form slightly bet ter  than the 45 ufd bank for  the 20 c m  long gun. 

Repetition of these t rend  measu remen t s  for  the 25 c m  gun did not s eem 

worthwhile, and they were  not c a r r i e d  out. 

All of the above data were  obtained with a n  acce le ra to r  e lectrode 

F o r  a radius  ra t io  of 3 .  5 to 1 ,  obtained by using a radius  ra t io  of 7 to 1. 

2. 5 cm diameter inner e lectrode,  and a 25 cm long outer  e lectrode the 

bes t  efficiency obtained was 2470, but no well-defined peak was observed  in  

the range of variables studied. The r e su l t s  fo r  7 :  1 and 3.5:l radius  

ratios a r e  compared in  Fig.  18. 

7.4 Discussion 

The use of axial injection of propellant coupled with a m o r e  appropriate  

acce le ra to r  configuration resul ted in  the at ta inment  of a peak energy  efficiency 
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of 33%. 

injection, however, it is desirable  to have bet ter  control of both the 

location and the t ime of init ial  discharge. 

approach, with a first stage for ignition of the discharge,  presented a 

possible means of accomplishing these ends in addition to lowering the 

de11sity at which the acce lera tor  could be t r iggered,  and lowering the 

init ial  inductance of the circui t  a t  the onset of the discharge. 

In  o r d e r  to der ive the maximum benefit f rom axial  propellant 

The r e t u r n  t2 a two-stage 
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:::Propellant feed : 

8. MOD. A-2 PLASMA ACCELERATOR 

8. 1 SDecifications (See a l so  Fig. 19) 

Axial injection 1 c m  behind the front  face of the 
insulator ;  pulsed nitrogen into - mm 
background. 

P o r t  s ize :  

:::Operating modes : 

Outer Electrode:  

:::Inner Electrode : 

Capacitor Bank: 

Six holes,  each  1. 35 m m  diameter.  

Two-stage, with breech  t r igger  e lectrodes,  and 
single stage,  with gas- t r iggered  discharge.  

8.75 cm diameter ,  20 c m  long. 

0 
27 t ransi t ion f r o m  5 c m  diameter  to  2.54 c m  
diameter  at the insulator,  s t ra ight  sect ion 1 cm 
long followed by 27O t ransi t ion to 1. 27 c m  diameter .  
End of the electrode 3.5 c m  f rom the end of the outer  
electrode. 

Mark I1 

I 8. 2 Genera l  Description 

The  configuration of the Mod. A-1 acce le ra to r  was modified as 

specified to a c o m m & k  the first s tage which was a s e t  of six t r igger  e lec t rodes  

protruding through the flange of the high potential inner  e lectrode and through 

I 

the interflange pyrex  insulator. A drawing of the a r r angemen t  is shown i n  

I Fig. 19. The f i r s t  stage discharge consis ted of ignition t r a n s f o r m e r  d is -  

charges  of about 15 KV between the t r igger  e lectrodes and the grounded 

electrode. 

8. 3 Exhaust  S t ream Calor imet ry  

In single s tage operation, the f o r m e r  peak efficiency of 3370 dropped 

- - - - - - - - - - - - - - -  
:::-Changes from Mod. A- 1 Accelerator.  
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to about 2070, presumably as a r e su l t  of moving the gas por t s  c loser  to the 

breech, placing the inner  e lectrode t ransi t ion a t  the breech, and /o r  ins ta l l -  

When the ing a different glass insulator  required for  the t r igger  electrodes.  

t r igger  electrodes themselves  were  removed f rom this configuration, no 

change in performance resulted.  When the unit was operated in  the two- 

s tage mode, the peak efficiency r o s e  to 3070, indicating that the two-stage 

breech-tr iggered operation might be applied successful ly  to m o r e  efficient 

single s tage configurations, as well. 

8.4 P re - f i r e  Gas  Distribution 

In operating the t r i gge r  e lectrodes to f i r e  the second s tage at t imes  

p r i o r  to 1200 microseconds after the valve discharge (at which t ime cold 

g a s  tr iggering normally took place) ,  it was found that the second s tage 

d ischarge  could be initiated rel iably and instantaneously anywhere in  the 

per iod f rom 700 to 1200 microseconds a f te r  the valve discharge.  

of the t r igger  e lectrodes e a r l i e r  than a t  700 microseconds  failed to ignite 

the second stage instantaneously; i n  fact, e a r l i e r  t r iggering usually resu l ted  

in  delayed second s tage breakdown, a t  about 700 microseconds.  The 

implication i s  that gas  ju s t  begins to fill the b a r r e l  at 700  microseconds,  

then flows for 500 microseconds  ( o r  about 20 c m  in  the gun b a r r e l )  before 

cold g a s  breakdown occurs.  

improvement  over the extent to which the gun b a r r e l  was fi l led p r io r  t o  cold 

g a s  breakdown in the Model A gun. 

Operation 

This  appeared to r ep resen t  a factor  of five 
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8. 5 Discussion 

The use of the discharge triggering first stage brought a net i nc rease  

in efficiency for this par t icular  configuration, demonstrated that  significant 

propellant flow t imes  were  obtainable, and indicated that the t ime  and 

location of discharge initiation might be controllable. 

the source  of the dilatory effect on efficiency a t  this t ime, the or iginal  

Mod. A- 1 inner e lectrode configuration was reinsti tuted,  the t r i gge r  

e lec t rodes  temporar i ly  removed, and the examination of additional effects 

of geometr ic  changes continued. 

Rather  than determining 
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9. MOD. A-3 PLASMA ACCELERATOR 

9. 1 Specifications 

Propellant feed : Axial injection 5 c m  f rom the front ace of the 
insulator ;  pulsed nitrogen into 10-  - 1 0  m m  
background. 

sf -6 

P o r t  s ize  : 

Operating mode : 

:::Outer Electrode : 

+Inner Electrode : 

Six holes, each 1. 35 m m  diameter .  

Single-stage; g a s  t r iggered  discharge.  

12. 5 cm diameter  20 cm long. 

5 c m  diameter  to a distance 3. 5 c m  f rom the 
front  face of the insulator,  followed by a 27O 
transi t ion to 2. 54 cm diameter ,  a s t ra ight  
section 1 cm long, and a second 27O t ransi t ion 
to 1 .  27 c m  d iame te r ;  end of the electrode 
3. 5 cm f r o m  the end of the outer electrode. 
Another configuration eliminated the second 
t ransi t ion and utilized a s t ra ight  section 2. 54 
c m  diameter.  

Capacitor Bank: Mark  I1 

9. 2 General Description 

An increase  was made in  the d iameter  of the outer  e lectrode f r o m  

8.75 cm diameter  to  12. 5 cm diameter.  The  change to a l a r g e r  e lectrode 

radius  ra t io  was made not only to inc rease  the inductance per  unit length 

of the accelerator ,  but to dec rease  the l o s s e s  due to par t ic le-wal l  collisions 

and to provide m o r e  extensive gas filling of the b a r r e l  p r io r  to  breakdown. 

9. 3 Exhaust S t r eam Calor imet ry  

The next significant improvement  in  energy engine efficiency was 

brought about by this i nc rease  in  e lectrode radius  ra t io  f r o m  7: l  to  10:l .  

- - - -  - - _ - - - _ _ _ -  - - - -  
+-Change from Mod. A-2 Accelerator.  
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With o ther  init ial  conditions unchanged, peak energy efficiency increased  

f rom 33% to  40.8010. The resu l t s  of a 

gun length a r e  included in  Fig .  20. 

9 . 4  Exhaust  S t r eam Spreading 

A ca r r i age  was designed and 

s e r i e s  of measu remen t s  with a 20 cm 

placed into operation to pe rmi t  exhaust 

stream- calorim-etry at v”rin11c --*--- nnints r-4- a h n g  t h e  a x i s  s f  the gun. 

the design was fixed, the dimensions were  such as to pe rmi t  capturing the 

en t i re  exhaust s t r e a m  f r o m  the 8.75 cm diameter  gun a t  the point of c loses t  

approach of the car r iage ,  taking into account the half-angle spreading of 

about 23  

At the time 

0 1 
observed in the previous contract  per iod e Space limitations and 

1 .  ~ . .  . . .  FL c*-tl;<~e.~ flfzKlp*” - 1  . . .  tile :demands fclr flexibility of zrra.nge.i-r:ei-:ts v;;t;-;ln ~inr tac&- --_ ‘-- h 

generous allowance for  any l a rge r  spreading, o r  for  the l a r g e r  d iameter  

b a r r e l s  which were  l a t e r  studied. Calor imeter  derived efficiencies 

plotted as a function of intercepted haif ang le  a r e  shown i n  Fig. 21 e 

ca lo r ime t r i c  data at higher interception angles had been available, a s  fo r  

the A-4 gun, higher energy efficiencies probably would h a v e  been observed. 

_ -  
!t 
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Figure  20. Energy Efficiency vs Init ial  Capac i tor  Voltage - Mod A - 3  and 
Mod A - 4  Guns. 
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9. 5 Termina l  Waveforms (See Fig. 22) 

It is significant that  the first half cycle period f o r  the cu r ren t  was  

increased  by a lmost  50% over  that observed  with the Model R gun with the 

Mark  I1 bank ( s e e  Fig.  5b). This  indicates  that  i fo r  the Mod. A-3 gun 

is considerably higher than that  for  the Model R gun. The l e s s  than 10% 

r e v e r s a l  compared to over 3070 fo r  the Model R gun implies,  also,  that  

a g rea t e r  fraction of the initially s to red  energy was uti l ized during the 

first half cycle of current.  In fact, only 1370 of the init ially s to red  energy  

was dissipated i n  the res i s tance  of the Mark  I1 bank as compared with 5870 

for  the s a m e  bank (with the s a m e  re s i s t ance )  using the Model R acce lera tor .  

It should be noted that the a lmost  equal ringdown period for  the two guns was 

in  accord  with the fact  that  the ex terna l  c i rcu i t  inductances were  not 

significantly different. 

9.6 Discussion 

The t rend to increased  efficiency with inc reased  radius  ra t io  suggested 

that a next step might have been a fur ther  i nc rease  in the d iameter  of the 

outer electrode o r  a decrease  in the d iameter  of the inner electrode. The  

d iameter  of the cent ra l  hole in  the existing capacitor bank flange through 

which the ba r re l  protruded was too small to p e r m i t  ready installation of a 

l a r g e r  outer  electrode, however. At the same t ime,  it was felt  that  the 

1. 27 cm diameter of the inner e lectrode was a t  a minimum to p r e s e r v e  

s t ruc tu ra l  integrity in a n  acce le ra to r  operat ing at  a reasonable  power level. 

The emphasis was shifted temporar i ly  to possibly fur ther  improvement  of 

gas loading as well  a s  study of the effects of changes in  inner  e lectrode 

lengths with stationary outer  e lectrode lengths. 
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Figure 22a. Voltage and Current Transients  - Mod., A - 3  Gun. 

Upper T r a c e  Current - 2 2 . 4  K amps /cm.  
Lower T r a c e  Voltage - 2 KV/cm. 
t = 1 usec /cm.  

0- 

0- 

Upper T r a c e  Current - 2 2 . 4  K amps /cm.  
Lower T r a c e  Voltage - 2 KV/cm. 
t = 1 usec /cm.  

Figure 22b. Voltage and Current Transients  - Mod. A - 4  Gun. 
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Propellant feed: 

10. MOD. A - 4  PLASMA ACCELERATOR 

10.1 SDecifications (See a l so  Fig. 23 and 24) 

Axial injection 5 c m  f rom the front  face of the 
insulator ;  pulsed nitrogen into - mm 
background. 

::'Port s ize  : 

Operating mode : 

Outer Electrode:  

::'Inner Elec t rode :  

Capacitor Bank: 

Six holes, each 4. 50 mm diameter.  

Single s tage;  gas t r iggered  discharge.  

12.5 c m  diameter ,  20 and 25 cm long. 

5 cm diameter  to a distance 3. 5 c m  f rom the 
front  face of the insulator ,  followed by a 27O 
transi t ion to 2. 54 cm diameter ,  a s t ra ight  
section 1 cm long, and a second 27O t rans i t ion  
to 1.27 cm diameter ;  end of the electrode 
3 . 5  cm f rom the end of the outer e lectrode,  
then va r i ed  f rom 0 to 12 cm f rom the end of 
the outer electrode. 

Mark I1 

10.2 General Description 

With electrode radius  ra t io  l imited to  a maximum of lO:l ,  the only 

additional configuration changes studied during th i s  contract  period involved 

the effects of shortening of the inner e lec t rodes  to the lengths specified and 

enlarging the injection por t  d iameters  to 4. 5 mm. 

In order  to  once m o r e  study the e f fec ts  of the presence  and operat ion 

of a triggering first stage,  the acce le ra to r  flanges were  modified to 

accommodate the t r igger  e lectrodes descr ibed  ea r l i e r .  This  t ime,  however, 

the in te r ior  geometry of the electrodes was not significantly altered.  

- - - - - - - - - - - - - - - -  
:::-Changes from Mod. A-3 Accelerator.  
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10. 3 Exhaust  S t r eam Calor imet ry  

F o r  r easons  which will be discussed la te r ,  a new ca lor imeter  was 

used in  a portion of the measurements  to  be descr ibed  in this section. 

This  new ca lor imeter  was a l so  used i n  m o s t  of the succeeding measu re -  

ments. The r e su l t s  fo r  the original unit a r e  descr ibed  first, while those 

for  the new unit with the s a m e  accelerator  a r e  descr ibed i n  the next 

section. 

10. 3 .  1 Measurements  with the Original Calor imeter  

Severa l  t rends  were  studied for  the Mod. A-4 Accelerator ,  each  

leading ei ther  to optimum o r  increased efficiency. 

T!?= ~ . - -  c.;iiz=.I - - 1 - - - - - - - +  i j . L l l i . L i l L  - 4  ..I +he &:I._ prope!',.3.nt !E ;e r_ t l "E  :n_"ipc 4- 5 m-m. 

d iameter  resul ted in boosting the peak energy efficiency to 47. 570 ( s e e  

Fig. 20)$ presumably a s  a r e su l t  of fur ther  improvement  of the p re f i r e  

distribution of the propeiiani in t h e  gun barrel. 

As shown a l so  in  Fig.  20 the 20 cm length outer b a r r e l  seemed 

slightly more  efficient in operation than the previous optimum length of 

25 c m  real ized for  the Mod. A-1 gun. 

Another important factor  in improving the gun efficiency is the 

discovery that optimum resu l t s  a r e  obtained when the inner e lectrode is 

s h o r t e r  than the outer. 

Fig.  25. 

This  is i l lustrated by the data summar ized  in 

The  highest  energy efficiency achieved as a resu l t  of these 

pa rame t r i c  studies was 5070. 
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10. 3. 2 Measurements  with New Ca lo r ime te r  

The  calor imeter  measu remen t s  of energy efficiency have been 

c a r r i e d  out using calibration procedures  and measur ing  techniques deemed 

conservative.  F o r  example,  the radiative l o s s e s  incu r red  between shots  

(nine shots a r e  accumulated for one ca lo r ime t r i c  reading) have been 

neglected. 

shots  f i r e d  about a second apa r t ,  as much as 10% of the total  energy 

collected by the ca lor imeter  may be los t  in radiation. 

Measurements  indicated that in the cour se  of a r u n  of nine 

In o r d e r  to minimize 

this  l o s s  and permit bet ter  sampling of acce le ra to r  per formance ,  a ca lor i -  

m e t e r  of considerably g rea t e r  mass (980 gms  

slightly l a r g e r  d iameter  (25 c m s  

- vs  142 gms)  but only 

- v s  23  cm)  than the unit used previously 

was installed. 

ablation, the calor imeter  incorporated a somewhat reent ran t  design. 

In o r d e r  to minimize possible l o s s e s  due to sput ter ing 

Drawings of the old and new units a r e  shown in  Fig. 26. 

With the distance between the ca lo r ime te r  and the muzzle  end of 

the gun the same as with the previous ca lor imeter ,  the new energy efficiencies 

m e a s u r e d  were approximately 10% higher than those obtained previously. 

P e a k  efficiency was 54% at Additional data showing the t rend  in  

eff ic iency - v s  voltage for  the par t icu lar  gun used a r e  shown in Fig.  27. 

3 KV. 

Also shown in  Fig.27 are  the r e su l t s  of measu remen t s  on a Mod. A-4 

gun acce lera tor  in which the interflange space,  and hence the s t r a y  inductance 

of the flange assembly, was dec reased  by over  50% through use  of a thinner 

interf lange insulator. The peak efficiency measu red  was unchanged f rom 
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980 g CALORIMETER 

MOD A - 4  
0 OUTER ELECTRODE=20 CM LONG 

INNER ELECTRODE=ll.Z5CM LONG 
SIX 4 .50MM DIA INJECTION HOLES 
0.95 CM THK INSULATOR 

MOD A - 4  
V O  OUTER ELECTRODE=20 CM LONG 

INNER ELECTRODE= 11.25CM LONG 
SIX 4 .50MM DIA INJECTION HOLES 

1 \ 2.5 err: THK iNSULAT0R 
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INITIAL CAPACITOR VOLTAGE - KILOVOLTS 

Figure  27. Energy Efficiency vs Initial Capacitor Voltage - Mod. A - 4  Gun 
Improved Calor imeter .  
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previous values a t  3 KV, and was slightly lower at other  voltages. 

10. 3 .  3 Some Comments on the Interpretat ion of Calor imeter  Data 

Some questions have been r a i sed  as to the extent to  which recombination 

and radiation from the acce lera tor  contribute to the energy collected by the 

calor imeter .  

a n  upper limit fo r  such contributions. 

A few order-of-magnitude es t imates  a r e  made h e r e  to es tabl ish 

The most s t ra ightforward computation involves the ionization and 

dissociation energies c a r r i e d  by the p lasma exhaust s t ream. 

knowing the number of par t ic les  e jected per  pulse. 

propellant species a r e  acce lera ted  (as evidenced by some e a r l i e r  spec t ro-  

m e t r i c  measurements ) ,  then an upper l imi t  to this number is given by the 

number of particles inser ted  into the acce lera tor  pe r  shot. 

amount of nitrogen injected per  shot i n  a l l  of the experiments  to date has  been 

This  involves 

Assuming that only 

The l a rges t  

about 150 micrograms.  Using 15  eV for  the energy of ionization of nitrogen 

a toms  and 7. 5 eV for  the energy of dissociation of the molecule, the s t r e a m  

could c a r r y  as much a s  19 joules pe r  shot of ionization and dissociation 

energy, assuming complete dissociation and ionization. Under the mos t  

efficient operating conditions, 203 joules a r e  discharged through the sys tem,  

s o  that l e s s  than 10% of the total  energy is so utilized. 

Determination of the the rma l  ( random)  energy content of the s t r e a m  

will have to  wait until c ross -sec t iona l  exhaust s t r e a m  measuremen t s  have 

been made with a ca lor imeter  for  the Mod. A-4 gun. 
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Radiation f r o m  the gun has  also been suggested as a possible source  

of energy collected by the calorimeter.  Part of the possible sou rces  of 

radiation have a l ready  been accounted for  in  the dissociated and ionized 

species.  In fact ,  i f  these species  radiate p r io r  to en t ry  into the calor i -  

me te r ,  then mos t  of their  energy will escape the ca lor imeter ,  so that  we 

have a l ready  overcompensated for th i s  possibility. 

source  of radiation is f r o m  the collisions of e lec t rons  ei ther  in  the volume of 

the discharge o r  a t  the electrodes,  the accelerat ion of ions in  the cathode 

fal l  potential region, and the collisions with the walls by heavy par t ic les  

having t r a n s v e r s e  motion. 

obtained by the following argument:  Using a s  typicai the i e s s  than i o 0  voit 

4 
drop  a c r o s s  the cu r ren t  shee t  a s  reported by Burkhardt  and Lovberg , l e t  

us chvvse 100  vo l t s  as ali upper i i r r i i t  ul puteiitial Jrop experienced w-ith 

1. y x . , r  ! c.dv- -cc; .-; -- TI?= -.2-.+-:>- .-:l--P--f : l= ,dP-  fhP F..-=f .. A -  . :a I ,," " I ;ut; ;LL'u''zI- A _." -_a-a-A-A-I--_ _ _ _  - -_-" ___-- - -__- " 

The only other reasonable  

An estimate of the f irst  two contributions may be 

I L 

operat ing condition is about 40, 000 amperes  and the t ime in te rva l  is about 

7 microseconds,  so a n  upper l imi t  of energy invested in r e s i s t i ve  lo s ses  

in  the c u r r e n t  sheet  is 28 joules,  of which, i f  a l l  radiated,  only 7 joules a t  

m o s t  can be intercepted by the calor imeter ,  represent ing  an upper l imi t  of 

4% of the  total  energy f rom this source. 

energy  into radiation at the electrodes,  the determinat ion will have to await 

the acquisit ion of exhaust s t r e a m  cross-sect ional  cha rac t e r i s t i c s  data,  but, 

of the total  amount of energy so converted, only one qua r t e r  can be collected. 

As for  the conversion of t r ansve r se  
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Be probe measurements  in  the vicinity of the ca lor imeter  position 

20 cm f r o m  the gun show that the field is l e s s  than 150 gauss ( the  limit of 

detectabil i ty in  the probe signal)  at that  location at all t imes  so that inductive 

and i R heating of the ca lor imeter  may  be neglected. 2 - 
It should be re-emphasized that all of these e s t ima tes  a r e  obtained by 

making the least  favorable assumptions.  

obtain empir ical  knowledge of the contribution to the ca lor imeter  due to 

radiation from the heated e lec t rodes :  

ca lor imeter  extracted. 

of the gun (within 30 seconds) a t  the end of the discharge period. No energy 

at all was radiated to the ca lor imeter ,  s o  the tempera ture  of the gun had not 

significantly risen. 

10.3.4 Measurements of Extended Loop Cur ren t s  

An exper iment  was per formed to 

The gun was f i r ed  200 shots  with the 

The ca lor imeter  was immediately moved in  f ront  

In order  to fur ther  substantiate the validity of using exhaust s t r e a m  

ca lo r ime t ry  to indicate directed energy in  the exhaust, a few additional 

experiments  were performed. 

magnitude of any cur ren t  loops ex ter ior  to the interelectrode volume. 

calibrated,  glass-enclosed Ragowski loop with a 7.5 cm diameter  was 

placed at varying dis tances  downstream f rom the muzzle. 

of the loop on the axis  of the acce le ra to r  and 15 c m  f rom the muzzle,  

cu r ren t s  a s  high as 1000 a m p e r e s  were  measu red  when an  init ial  capacitor 

voltage of 3 KV was used. At 2 KV, 500 a m p e r e  cu r ren t s  were  measured.  

At a distance 75 cm f rom the muzzle,  l e s s  than 30 a m p e r e s  were  measu red  

at 3 KV, with l e s s  than 10 a m p e r e s  at 2 KV. 

One of these involved determinat ion of the 

A 

With the center  

62 



Using the wors t  possible assumptions, i. e. , that a l l  of the t e rmina l  

voltage a t  peak cu r ren t  appears  ac ross  the cu r ren t  plume ‘1.6KV), the 

maximum possible peak power dissipated there  can be no m o r e  than 1.6 MW. 

On the other  hand, the peak power in the gun due to the t ime - dependent 

inductance ( L  = 046 ohms, I = 4 x 10 amps)  was 74 MW. Thus, even 

under the wors t  assumption, only 2,270 of the total  peak power can be diss ipated 

i n  the plume. 

10. 3. 5 Auxiliary Calor imeter  Measurements 

4 

2 
As a final verification of the contention that the magnitude of I R 

heating was s m a l l  compared to the heating ~i the ca lor imeter  fro-- conversion 

of directed kinetic energy, calor imeters  of l a r g e r  s ize  and improved design 

were  constructed and placed a t  a distance f rom the muzzle which the Ragowski 

loop measurements  indicated to be f r ee  of gun currents .  

. I  The i i r s t  ca ior imeter  employed was a single  C y i i ~ ~ ~ i ~ ~ i  u z i l  ii c i ~ i i i i i g  b 

2535 gms,  45 cm in  d iameter  and 45 c m  long, with cone 12 cm long with its 

apex towards the gun. The distance f r o m  the leading edge of the ca lor imeter  

to the muzzle  of the gun was varied f r o m  

ca lo r ime te r  on a ca r r i age  assembly which was positionable f rom the ex ter ior  

of the vacuum tank. At 3 KV, with 25-50 shot samples ,  efficiencies ranged 

between 5570 - 6470 at the 12 cm position and 4570 - 5570 at the 7 0  cm position. 

The relat ively wide spread  of efficiency readings at any single position was 

due not to  the performance of the acce lera tor  but to  the reliabil i ty of the 

2 c m  to 70 c m  by mounting the 
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measurements  which were hampered by a combination of poor heat  d i s -  

tribution in the la rge  surface of light gauge metal ,  radiation cooling, 

par t icular ly  of the section of ca lor imeter  positioned above the diffusion 

pump cold cap, and the sma l l  t empera ture  r i s e  measu red  by the l imited 

number of thermocouples in the single unit. 

In a n  attempt at obtaining bet ter  data, a two-section ca lor imeter  of 

heavier  metal ,  radiation shielded, and with more  thermocouples,  was 

installed. It consisted of a forward cylindrical  section with a 4 5  cm 

diameter ,  a 25 cm length, and a weight of 2366 gms and a downstream 

combination cylinder and inverted cone, with a 45 cm diameter ,  a 12 cm 

length, and a weight of 3680 gms. The units were  1 cm a p a r t  and enclosed 

by a separa te  aluminum foil housing which se rved  as a radiation shield. 

A photo of the ca lor imeter ,  without shield,  is shown in Fig. 28. Seventy- 

five shot samples  were used for  each measurement .  

of the cylinder 7 5  cm f rom the gun muzzle,  an  efficiency of 5570 was 

measu red  at 3 KV. 

cylinder, with 36.570 in  the downstream cone-cylinder combination. 

The readings appear  to  ver i fy  the e a r l i e r  measu remen t s  with the 

With the leading edge 

Of the 5570 total, 18. 570 was accounted for  in  the forward  

s m a l l e r  calor imeter  a t  c lose r  proximity to the gun. 

dec rease  in  heating due to minimization of effects  other  than those due to 

p lasma kinetic energy may have been compensated for  by improved ca lor i -  

m e t e r  design. 

and any possible sput tered ca lor imeter  wall  mater ia l .  

It is possible that any 

This  could r e su l t  in  enhanced trapping of the incident plasma 
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10.4 Exhaust S t ream Spreading 

Calor imeter  derived efficiencies as a function of axial  position were  

obtained again a s  for  the Mod. A-3 gun, with the sma l l e r  ca lor imeter  de- 

sc r ibed  in section 10. 3 .  

half angle a r e  shown in Fig.  29, along with the data f r o m  the l a r g e r  ca lor i -  

meter .  

The efficiencies plotted a s  a function of intercepted 

When the sma l l e r  diameter  ca lor imeter  was suspended so  that its 

leading edge was 2 c m  f rom the muzzle of the acce lera tor ,  6370 of the energy 

initially s tored in the capacitor was collected in  the calor imeter .  

into account the fac t  that  1370 of the energy was dissipated in the res i s tance  

of the energy s torage sys tem (sect ion 10.5), then only about 8770 of the 

initially s tored energy is available f o r  the acce lera tor .  It appears  that 

about 7270 of this energy leaves the acce lera tor  in one form or  another,  and 

that 2870 o r  less  may be los t  to  the electrodes.  

10.5 Terminal  Measurements  

Taking 

An oscilloscope t r a c e  of representat ive voltage and cu r ren t  wave- 

f o r m s  is shown i n  Fig. 22b. 

for the Mod. A-3 acce lera tor  in section 9. 5. In addition, the f i r s t  half 

cycle period has been extended by about 3570 indicating a fur ther  i nc rease  

in  Using the energy s torage bank res i s tance  as determined in  sect ion 

10.6, the I R l o s ses  up to voltage-zero were  27 joules  o r  1370 of the total  

energy. 

The s a m e  comments  apply here  as were  made  

. 
2 
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10.6 Q Measurements  on the Energy  Storage System 

For the purposes  of energy bookkeeping, the energy s torage  s y s t e m  

was defined as  including the coaxial  gun flanges; the gun was defined as 

only the coaxial cylinders up to the g l a s s  insulator. 

The discharge method was one of those used to obtain the Q of the 

system. An ignitron w a s  connected between points on the two gun flanges 

to which the coaxial cylinders were  connected. The L, R, and C of the 

en t i re  c i rcu i t  was then determined by the conventional frequency and 

dec remen t  measurements .  The res i s tance  of the energy s torage  s y s t e m  

was  determined assuming a knowledge of the charac te r i s t ics  of the ignitron. 

The  la t te r  information is not common knowledge, however, and had to be 

de te rmined  by experiment  in  the following way: It was a s sumed  that the 

ignitron resis tance is inversely proport ional  to the c u r r e n t  over  the range 

of cu r ren t s  used. The data a r e  tabulated as follows: 

f V Rtot 

70 KC 4 KV . 0070  ohms 

70 KC 2 KV . 0085  ohms (10.1) 

Where R = R 
to t  s torage  sys t em Rignitron 

where  Vo = 4 KV VO v-, 
3 -1 rad ians  sec 

g 
= R O E -  t R O i  

wo = 14On x 10 

68 



The data (1  0.1) give two equations in two unknowns f rom ( 1  0. 2). 

The  solutions a r e :  

R = .0055 ohm 
0 

Ro- = . 0015 ohm 

Thus  the energy s torage  res i s tance  was found to be 

R = .0055 ohms  

\ 

taking into account the skin effect. (It should be no zd tha 

(10.3) 

(10.4) 

d. c. m e a s u r e -  

men t s  of the energy s torage  resis tance u p  to the capacitor t e rmina l s  

indicated values of ahoiut e 0006 ohms. 1 

11.2 
0 0  Q =  

Lc' "' C Ro (10.5) 

S O  that the Q of the  system .;i~ 100 KC was found to be 5. 37 a s  compa.reri 

with 9.05 for  the individual capacitor units measu red  at the same frequency. 

10.7 B P r o b e  Measurements  on the Mod. A-4 Accelerator 

A s e r i e s  of Be probe measurements  were  made at var ious  axial 

posit ions in  and out of the gun, with 2, 3 ,  and 4 KV initially on the energy 

s torage  capacitor bank. 

i n  Fig. 30 and 31, along with the Rogowski loop s ignals  taken at the gun 

Some examples of the 2 and 3 KV series a r e  shown 

terminals .  Relatively clean t r a c e s  were obtained at 2 KV, but both s ignals  

became progress ive ly  worse  as the initial voltage was  increased  to 3 and 

4 KV, as had been experienced with the Mod. A-1 accelerator .  The  hash 
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(a) 2 = 1 c m  (d) Z = 17.8 cm 

(b) Z = 6. 6 c m  

( c )  2 = 1 2 . 2  c m  

( e )  Z = 23.4 c m  

(f )  Z = 29. 5 c m  

Figure  30. B Probe  Signals for  Different Axial  Positions - Mod. A-4 Gun, 
2 a V Capaci tor  Voltage. 
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(a) Z = 1 c m  (d) Z = 17. 8 c m  

(b) Z = 6. 6 cm (e)  Z = 2 3 . 4  c m  

( c )  Z = 12. 2 c m  ( f )  Z = 43 cm(Ca1orimeter Location) 

F igu re  31. Be Probe  Signals f o r  Different Axial Posi t ions - Mod. A - 4  Gun, 
3 KV Capacitor Voltage.  
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appearing between 2 and 3 microseconds a f t e r  d i scharge  on both the 

Rogowski loop and Be probe s ignals  is in te rpre ted  as capacit ive charging 

of the Boprobe car r iage ,  which is insulated f rom ground, s ince the hash  

d isappears  when the probe ca r r i age  is removed. 

a r e  involved is implied by the following: the g ross  shape of the to ta l  

cu r ren t  signal is not a l tered,  and b) the hash  has  a damped osci l la tory 

charac te r i s t ic  of about a 5 m c  frequency, implying a low capacitance in  

the circuit. The B probe s ignals  a r e  replotted as B v s  axial  

position in  Figs .  32 and 3 3 .  Again, the curves  a r e  intended p r imar i ly  to 

connect the experimental  points. 

of t ime is plotted in  Fig. 34. 

A s  to the information contained in Figs.  30 to 34, s e v e r a l  points a r e  

That v e r y  sma l l  cu r ren t s  

2) 

e e m a x  - 

Position of the cu r ren t  shee t  as a function 

apparent  : 

a )  In neither the 2 KV nor the 3 KV case  is the s imple cu r ren t  shee t  

model realized in  pract ice;  

thin sheet. 

the cu r ren t  is not sufficiently localized in a 

b) The period of the discharge is significantly extended in going 

f rom 2 to 3 KV operation. 

The Be s ignal  is essent ia l ly  z e r o  at all t imes  when the probe is c) 

a t  the axial  position normally occupied by the ca lor imeter .  

d) The velocity of the cu r ren t  shee t  is near ly  constant i n  t ime. 
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Figure  32a. B vs Axial Position, Mod. A-4 Gun @ 2 KV. 8 
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F i g u r e  32b. B vs Axial Posit ion,  Mod. A-4 Gun @ 2 KV. e 
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10.8 Current  Waveform Measurements  on the Mod. A-4 Accelera tor  

Current  waveforms obtained with a Rogowski loop a t  the t e rmina l s  

of the Mod. A - 4  acce lera tor  a r e  shown with the s e r i e s  of B probe s ignals  e 
in  Fig. 30 and 31. In the course  of these measu remen t s  and in sca t te red  

previous observations, a n  effect was observed which may  manifest  i tself  in 

a var ie ty  of pulsed gas  t r iggered  acce lera tors .  With any in te rva l  between 

shots  exceeding about 1 minute, a cu r ren t  s ignal  considerably different i n  

amplitude and period f rom that obtained with sho r t e r  in te rva ls  was obtained. 

F igu re  35 shows two cur ren t  waveforms for  both the "long" and the "short"  

f i r ing intervals. The  lower amplitude, longer per iod s ignal  is assoc ia ted  

with the "short" interval,  and normal  mode of operat ion for  our  experiments .  

It is quite reproducible in all charac te r i s t ics .  The  o ther  signal shown 

occur red  with the f i r s t  f ir ing of every  run  and disappeared a f te r  no m o r e  

than three  succeeding firings. F o r  this  r eason  these fir ings were  d iscarded  

p r i o r  to making any of the per formance  measu remen t s  in  this report .  

The higher peak cu r ren t  and shor t e r  per iod charac te r i s t ic  of the 

spur ious  waveform was at first a t t r ibuted to the init ial  relaxation of the valve 

seat.  

of f i r ing the valve 2-3 t imes  p r io r  to t r iggering the gun discharge.  

This  possibility was subsequently eliminated by the s imple expedient 

This  

preconditioning of the valve had no noticeable effect on the initial discharge 

waveform. Only actual f i r ing  of the gun anywhere f rom 1 -3  t imes  brought 

the asymptotic low current ,  long period waveform. Thus,  the role  of 

adsorbed  gas and/or  vacuum sys t em oi l  on the e lec t rodes  o r  insulator  is 
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suggested as a m o r e  likely factor influencing the na ture  of the discharge.  

The ini t ia l  location of the discharge does not appear  profoundly different 

in  the two discharge modes observed s ince the r a t e  of cu r ren t  r i s e  appea r s  

unchanged in  both cases .  

It is important to note that i t  is  indeed possible that for  guns operated 

on a single shot basis ,  (i. e. with intervals of a minute o r  longer between 

s h o t s ) ,  the assymptot ic  waveform may never  be real ized,  and hence the data 

obtained may provide misleading indications of engine performance on a 

repeti t ive basis.  

10.9 The Use of Propel lants  Other Than Nitrogen 

Helium and argon, i n  aclditier, te nitrogen have been used in t h e  

operat ion of the acce le ra to r  with little change in  overa l l  operating efficiency. 

In o r d e r  to study the effect of a considerably heavier  propellant on gun p e r -  

formance,  xenon was introduced into the previously evacuated gun valving 

sys tem.  

5070 - 52% at a n  optimum voltage of 3 KV, a s  compared with the 547'0 obtained 

Calor imeter  measurements  indicated overa i i  efficieiicy of froiii 

fo r  nitrogen under otherwise s imi la r  conditions. The discharge cu r ren t  

waveform was of approximately 10% shor t e r  duration with about the same  

peak c u r r e n t  as observed with nitrogen. The study was cut shor t  in the 

i n t e r e s t  of m o r e  immediately pressing measurements .  

lo .  10 Two-Stage Modification of the Accelerator  

The center  electrode and flange of the acce lera tor  were  rebuilt  to 

accommodate  the six first s tage t r igger  e lectrodes without changing the 

bas ic  configuration of the or iginal  electrode. With the t r i gge r  e lectrode in  
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t = 2 usecldiv.  (a) Initial F i r ing  
i = 2 2 . 4  Kampsldiv. (b)  Subsequent F i r ings  

Figure 35. Current  Waveforms fo r  Different F i r ing  Intervals  Mod. A - 4  Gun. 
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place but not f ir ing,  an overa l l  efficiency of 5570 was measured.  Th i s  r e su l t  

is encouraging in  the light of the severe d rop  in  efficiency experienced with 

the previous Mod. A-2 gun, modified fo r  the t r i gge r  electrodes.  

Actual f i r ing of the t r igger  e lectrodes was not c a r r i e d  out because 

circui t  difficulties developed which could not be remedied  before i t  became 

n e c e s s a r y  to remove the en t i re  engine assembly  for  mounting on a thrus t  

balance . 
10.11 P repa ra t ion  of Accelerator  f o r  T h r u s t  Measurement  

P r e l i m i n a r y  repeti t ive operations of the acce le ra to r  at r a t e s  up to  

4 shots  pe r  seccnd were  c a r r i e d  oirt in the course  of ca lo r ime t r i c  m e a s u r e -  

component modifications necessa ry  for long t e r m  operat ion of the engine. 

The  most obvious modifications involved the dr ive  coil  for  the fast acting 

xv*dve.  

f r o m  10 to 15 joules p e r  shot. 

and the resul t ing heating of the coil at  the 4 s e c - l  f i r i ng  r a t e  enough to  

deleter iously affect  the operat ion of the valve. 

the hundreds of watts of coil  dissipation contemplated at the 10 s e c  

The e lec t r ica l  energy necessary- :ai* opci-atiuri ui the v-aive rangeci 

Moat  of this energy is  diss ipated in the coil, 

1 

In o r d e r  to accommodate  

and 
-1 

higher pulsing rates, a new drive coil was  constructed of l /8 I f  d iameter  

thin wall  copper tubing. 

through the coi l  by a high capacity pump operating in  conjunction with a 

Coolant (Convoil diffusion pump oil)  was circulated 

chilled water -o i l  heat  exchanger. In this manner  the coil  t empera tu re  was 

maintained a t  a tolerable  level. 



Calorimeter  measu remen t s  of exhaust s t r e a m  energy were  per formed 

with the new coil to determine any effects on efficiency due to possible changes 

in  the injected gas density profile. 

range were  unchanged with the new valve coil. 

The efficiencies over  the en t i re  voltage 

No other changes were  made in  adapting the acce le ra to r  f o r  repeti t ive 

operation although provisions for  e lectrode cooling were  built into the 

auxi l iary components to the system. 

10.12 Thrus t  Measurements  

a. Description of Thrus t  Balance 

In preparat ion f o r  the d i rec t  measu remen t  of engine thrust ,  the 

capacitor bank and acce le ra to r  were  removed f rom their  position ex terna l  

to  the .9  1 meter  diameter  vacuum tank and mounted in  a 

d iameter ,  . 38 me te r  long s ta in less  s t ee l  housing, so that  only the acce le ra to r  

b a r r e l  was exposed. 

was mounted to a support f r a m e  attached to the vacuum pumping plate for the 

1.83 m e t e r  diameter chamber  which enclosed the en t i re  assembly. 

descr ipt ion of the thrus t  balance, its operat ing pr inciples ,  and m o r e  detailed 

discussion of auxiliary components was supplied in  Reference 1. The th rus t  

balance components including f lexures  and measur ing  sys t em w e r e  identical  

to those used  previously. 

removed to permit  installation of the new engine housing on the balance. 

Photos of the thrust  balance and engine housing a r e  shown in Figs .  36 and 37. 

1. 14 m e t e r  

The package was then placed on the th rus t  balance which 

A 

Only the or iginal  capacitor r ack  supe r s t ruc tu re  was 
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Figure 3 6 .  Thrust Balance and Engine Housing. 
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Figure 37. Engine Housing with Acce lera tor  B a r r e l  Protruding. 
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The use  of a p res su r i zed  container fo r  the capaci tors  and gun flanges 

eliminated virtually all of the problems which plagued operat ion when thrus t  had 

been measu red  previously. Capacitors,  switching elements ,  ex te rna l  in- 

su la tors ,  and a good portion of the wiring now operate  at a tmospher ic  p r e s s u r e ,  

where previously they were  in  the vacuum environment. 

down a c r o s s  insulators ,  spurious secondary discharges between capaci tors ,  

capacitor rupture  and leakage, etc., a r e  no longer experienced. 

As a resu l t ,  b reak-  

b. Measurements  

The Mod. A-4 engine was operated at pulse r a t e s  ranging f rom 2 to 

siiots pei. in ikle - - - l & - - -  ...-- 7 4.- L V X l *  v u s c c r g c  L c l l l g c  f l U l l l  L. L U  u L l V  The maXim.;r1 

C ? D P r 2 T ; n a  Ecwer ~ e l T e i  for the 45 ,~,f-6 hank i , T " e r e [ c , i > e  onw .7:. -----.: -- - - - - - -  - - - - - -- - ~ I 11e i I l d X l i I l U l 1 1  

t h rus t  measu red  a t  this power level  w a s  38 millinewtons. A plot of t h rus t  v s  

power at different voltages, different propellant flow r a t e s ,  and a constant 

Y I  

- 

firing rate 16  cps is giv7eii iii Fig. ? O  Ti -1 I-.. - 1 1  1 4 . . 2  tL. ,*  4- - , .  ?'-...-., iV. I L  bl1UUlU W G  i l U L C U  L l i U L  L l i G  L l l l U D L  V V U D  

e s  ser,tiaiiy independent sf the i n p ~ t  m a s s  floix? rate ~ i ~ e r  the r s n c e  st:~die.r?. 
E 

The implication is that s imi l a r  thrusts  could have been obtained with even 

lower flow ra t e s  than those used  here. 

gas  t r iggered  mode at lower flow rates,  however. 

at fixed voltage, as might be expected, th rus t  was d i rec t ly  proportional to 

repet i t ion rate.  The th rus t  due soley to the amount of propellant requi red  to 

f i r e  the gun at 3 KV was as high as 3.67 millinewtons at a pulse repeti t ion 

r a t e  of 10  cps. Assuming sonic velocity of the propellant, the flow ra t e  

calculated f rom this t h rus t  is 1.08 x 1 0  

The gun could not be operated in the 

With varying repeti t ion r a t e  

-5  Kg/sec.  F o r  twice sonic  velocity, 

83 



.O 4 

cn 
7 
0 
I- 
3 
W 
z .02 
I- cn 
3 
[r 
I 
I- 

0 

LESS COLD GAS THRUST 

0 I 2 4 5 
KW 

3 6 7 8 8.5 
I I I I 
2 3 4 6 

K V  
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the r e su l t  is m o r e  in  agreement  with the d i r ec t  measu remen t  of mass 

flow ( s e e  Section 10. 13). 

10. 1 3  ProDellant Flow Measurement 

The m a s s  of propellant injected into the acce lera tor  was measu red  

both by volumetr ic  and average flow ra t e  techniques. 

determinat ion was made  by f i r ing the valve, into a known volume ( 1  2.75 

and measur ing  the inc rease  in  p re s su re  of this  volume af te r  samples  of 

100 o r  m o r e  shots f i red  in rapid succession. 

mass injected p e r  shot  over  a range of valve dr ive  coil  voltages is shown in 

The volumetr ic  

) 

A graph showing propellant 

Fig. 39. 

The flow ra t e  measu remen t  was made using a cal ibrated tapered  

capi l lary and ball  f lowmeter inserted in  the valve plenum propellant feed 

line. At a repeti t ion r a t e  of 10 cps, the s ta in less  s t ee l  and glass  flowmeter 

- .  - 1  _ .  - - -  _ I ^  - .._ - ^ _ A  - - _ ^  . ,^.^__ ~ - ~ - -  bails remained suii icientiy steady t u  P i - e y i G c  d i ~ x i  r i ~ c  i c ~ i i i i i "  6 > *  iic:iijw L I i i J  

ra te ,  the excursions of the balls about the average  flow reading due to the 

pulsating gas flow became too large for good readings,  so that flows were  

obtained f rom the calibration curve of m a s s  pe r  shot - vs  valve voltage 

( F i g .  39). 

Comparison of the above methods of determining m a s s  flow, c a r r i e d  

out by measur ing  the flow ra t e  into the known volume indicated l e s s  than 

10% difference in resul ts .  
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10. 14 Overal l  Efficiency of the Accelerator  

The  overa l l  efficiency of the engine can be determined f rom the 

measu remen t  of thrust ,  propellant mass  flow and input power:  

T 2  
I I  = 

2 ; n P  

Overal l  efficiencies, as  obtained above, have been plotted v s  voltage - 

i n  Fig. 43. It should be noted h e r e  that r% as presented he re ,  h a s  taken 

into account only the cold gas flow into the acce lera tor .  

sulator  e ros ion  have been neglected. 

Elec t rode  and in- 

Although the engine was not weighed 

before and af te r  each s e r i e s  of thrust  runs,  visual  inspection of the acce le ra to r  

after about 1 0  

negligible, a t  l ea s t  at 4 KV and below. 

6 KV). 

5 
shots  si-iggests tha t  t h e  contribution of eroded mass was 

(Relatively few shots  w e r e  taken a t  

-6  
With a cold gas  flow ra t e  of 4 . 8  x 10 Kg/sec. ,  approximately 48 g m s  

of propellant were  used throughout the th rus t  runs with the Mod. A-4 acce lera tor .  

ahnut 4.8 gms of e lectrode and insulator material  would have been observed. 

This  was  not the case.  

As  implied in the discussion of the thrus t  measu remen t s  (Section 10. 12), 

the propel lant  injection scheme appeared to sapply more  mass than was 

uti l ized in the discharge.  

f r o m  flow rate, down to the limit where gas  t r iggering of the discharge could 

no longer  be accomplished. Comparison of the data for  the Mod. A-4 and 

Mod. A-3 acce le ra to r s ,  as presented i n  Fig. 38 a l so  appears  to ver i fy  this  

contention. 

injected propellant than does the Mod. A - 3  accelerator .  

This  was evidenced by the independence of t h rus t  

The Mod. A-4 accelerator  requi res  less than 1 / 3  the amount of 

This  might be 
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expected since a l a r g e r  f ract ion of the injected gas is likely to be ejected 

f rom the larger  diameter  nozzles of the Mod. A-4 acce lera tor  a t  the t ime 

of breakdown. In other words,  in o r d e r  to obtain a s imi l a r  breakdown 

density with the A-3 configuration, it w a s  necessa ry  to inject  m o r e  

through the valve, since a sma l l e r  f ract ion of the g a s  was ejected f rom 

the A-3 nozzles by the t ime  of e lec t r ica l  breakdown. 

It was strongly suspected that the excessive propellant loading was 

caused by bounce in  the valve due to the rubber  "0" r ing seat ,  a s  had been 

experienced previously . 
rebuilding the Mod. A-4 valve with a Teflon s e a t  and g rea t e r  spr ing loaded 

compression, t o  reduce the extent of valve d isc  travel.  

acce le ra tor  configuration was unchanged, the designation has  been changed 

to Mod. A-4T ('IT" for  teflon). 

2 
An at tempt  to  minimize this l o s s  was made by 

Since the basic  
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11. MOD. A-4T ACCELERATOR 

11.1 Specifications 

11.2 

r a t e s  

::: P rope l lant f e e d : 

P o r t  s ize :  

Operating mode : 

Outer Electrode 

Inner Elec t rode :  

Gene r a1 Des c r  iption 

Axial injection 5 cm f rom the front face of the 
insulator;  pulsed nitrogen into 10 - 1 0  mrn 
background. Teflon valve s e a t  substi tuted €or 
rubber  seat. 

Six holes, each 4. 50 mm diameter.  

- 5  -6 

Single stage; g a s  t r iggered  discharge.  

12. 5 cm d iameter ,  20 c m  long. 

5 cm diameter to a dis tance 3. 5 cm f rom the 
front  face of the insulator ,  followed by a 27O 
transit ion to 2. 54 cm diameter ,  a s t ra ight  
section 1 cm long, and a second 27O transit ion 
to 1. 27 cm diameter ;  end of the electrode 
8 cm from the end of the outer  electrode. 

-. 
1 he acce ieraror  was operate? a i  vo i i ages  u p  to 8 K G ,  and r e p e i i i i v r i  

t o  10  cps. This  configuration was the final one studied during - the 

p re sen t  contract  period. 

11.3 Calor imet r ic  Measurements  of Exhaust S t r eam Energy  

In o r d e r  to determine whether possible changes i n  the gas density 

profile had influenced the total  energy in the exhaust s t r e a m ,  the ca lor i -  

m e t r i c  technique was reinsti tuted and the ca lor imeter  f i r s t  descr ibed in 

sec t ion  10. 3. 2 was placed a t  i ts  original location 20 cm f rom the acce lera tor  

muzzle. The peak efficiency (5570) and the voltage at which this peak occurred  

( 3  KV) were  unchanged, but the dropoff of efficiency with voltage was m o r e  ----------------- 
::Change f r o m  Mod. A-4 Accelerator.  
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gradual than had been observed previously. 

fo r  the A-4T accelerator  is given i n  Fig. 40. 

11 . 4 Thrus t  Measurements 

A plot of efficiency - vs voltage 

Thrus t  measurements  were  c a r r i e d  out with acce le ra to r  operation 

-1 at repeti t ion rates  up to 10 s e c  

l imitations in the cu r ren t  capacity of the power supply and in  the house 

supply l ines  did not pe rmi t  operation a t  higher repeti t ion r a t e s  

a t  6 KV o r  higher voltages than 6 KV at 10 sec- '  . 

and power levels  up to 8 KW. Tempora ry  

-1 
than 10 s e c  

A plot of t h rus t  v s  power at constant repeti t ion r a t e  for  the different 

voltages examined is given in  Fig. 38. 

1 1 . 5 Propellant Flow Measurement  

The minimum mass of propellant requi red  to f i r e  the Mod. A-4T 

acce le ra to r  was lower by more  than a factor  of ten than that  required for 

the Mod. A-4 unit. Depending on the second s tage capacitor voltage, the 

amount of injected m a s s  required ranged f rom 15 x 

pe r  shot. 

-9  to 45 x 10 Kg 

The time between actuation of the valve and onset  of the discharge was 

measured  by monitoring the voltage of the valve dr ive coil capacitor and 

that of the second s tage capacitor bank with Tektronix high voltage probes. 

A representat ive plot of in te rva l  to breakdown - vs  acce le ra to r  voltage 

f o r  a typical valve capacitor voltage i s  shown in Fig. 41. 

t ime shown represents  not only the t ime for  mechanical  motion of the valve to 

achieve sufficient opening for  gas flow, but a l so  the t ime  for  flow of sufficient 

amount of propellant to inc rease  the density in  the in te re lec t rode  space to 

The minimum 
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that necessa ry  for breakdown. 

in te rva l  decreased  f r o m  450 to 250 microseconds ( for  a valve voltage of 

4.75 KV) indicates that t he re  is a t  least  200 microseconds of propellant flow 

t ime p r i o r  to discharge at 2 KV, for  example. With gas  expansion a t  a r a t e  

somewhere between sonic  and twice sonic velocity, th i s  t ime would r ep resen t  

a t r a v e l  01 6 - 12  e r l  iil t h e  accc!crat~r barrel. 

r ep resen t  complete t r a v e r s a l  of the b a r r e l  f rom the injection ports.  

11.6 

The fact that  f rom 2 to 8 KV, the breakdown 

This latter figlire would 

Measurements  of Luminous Front  Velocit ies 

A pa i r  of collimated photomultipliers was used to determine average  

~ U - Y I ~ ~ E O ~ J S  front velocit ies at distances of . 37 and 3.0 m e t e r s  downstream 

r r v l ~ l  tl:e .c?f acccll;rat:>r, The  refcr-ncy c:>iz~t f:>r t h e s p  ;?>e.? ~ ~ . ; r e m ~ ~ n t s ,  
* 

which corresponded to discharge breakdown t ime,  was the luminosity first 

emit ted f rom the muzzle  of the accelerator .  The t ime of flight of the luminous 

f'r-~lt f rom the m u z z l e  to an obsmcie p i a ~ e d  

another obstacle placed 3.0 m e t e r s  downstream, was recorded  on an  oscil lo- 

scope in  which the sweep was t r iggered by a signal f rom the photomultiplier 

a imed perpendicular to the muzzle. 

f ront  veloci t ies  ranged f rom 5.8 x 10  m / s e c  to 14. 2 x 10 m / s e c ,  respectively,  

at the . 37 m e t e r  position. 

measu red  ranged f rom 7.5 x 1 0  m / s e c  to 37.5 x 10  m / s e c  for 2 to 4 KV 

capaci tor  voltage. 

veloci t ies  at the point fur thes t  downstream f rom the muzzle a r e  significantly 

. 37 iiietei-s d~wnstrear; ;  2nd t~ 

At voltages f rom 2 KV to 4 KV, luminous 

4 4 

At the 3 me te r  position the average  veloci t ies  

4 4 

The r e su l t s  a r e  plotted in Fig. 42. The fact  that  the 
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higher than those in c lose r  proximity to the acce le ra to r  is understandable 

when one considers  the f ac t  that the population of the f a s t e s t  moving directed 

par t ic les  relative to the s lower ones i s  enhanced as the distance f r o m  the 

muzzle is increased,  provided that all of the pa r t i c l e s  have comparable 

t r a n s v e r s e  energies.  

at the two positions a l so  implied that far  fewer  par t ic les  were  involved a t  

the 3. 0 m position than a t  the 0. 37 m point. 

cu r ren t  shee t  motion relative to the discharge breakdown t ime (Fig.  34), the 

propr ie ty  of using the l a t t e r  t ime a s  zero re ference  f o r  velocity measurements  

is open to question. 

resu l t  in  i nc reases  in the lurr-inous velocities, p i r t i cu la r ly  fer these dzta oh- 

tained a t  A L  = 0. 37 m. 

The relative intensities of the photomultiplier signals 

In view of the apparent  delay in 

It should be noted that any l a t e r  ze ro  re ference  t ime would 

The velocit ies obtained by optical methods were  compared with those 

obtained from Be probe measurements  of cu r ren t  sheet  veiocities. The 

. -  \ ,U . , .> , . .  . . .  L a - -  - - . -  -;=,-- - - ? - L A - 2  2 -  -:- . ? ?  ?..?LI??. L L  ,...,. ..,. 1 ,.,. :!: ,... , - , .  ?!: ?^.Lrj  
L . . . L Y I  ~ * L . J . v L . I L . A L . 5  L**.,.< j J I C ) L L Z c :  1': Z L S e  -5L.- I S 1 ' 1 1 K  L ' i . - z r -  Y . _ L L _ ' . - - I % L . - C  C..L._ ' . - , - - , . . > ; e  

higher than the luminous front velocities, a t  2 and 3 KV, there  is an unexplained 

marked  depar ture  at 4 KV, where lower shee t  velocit ies a r e  indicated. 

11.7 Overall  Efficiency of the Mod. A-4T Accelerator  

Overal l  efficiencies a s  defined by T 2  / 2 I-& P have been plotted vs  - 

voltage in  Fig. 43. The profound increase in  overa l l  efficiency f rom that ob- 

tained with the Mod. A-4 acce lera tor  appears  to be due p r imar i ly  to the de- 

c r e a s e d  amount of propellant admitted by the valve while injecting that amount 

necessa ry  to initiate breakdown. It is indeed possible that for the valve and 

in jec tor  nozzle configurations used, these amounts a r e  s t i l l  not optimum, and 

that  the  mechanical valve ei ther  injects more  propellant than can be 
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efficiently acce lera ted  o r  allows propellant to flow af te r  the cu r ren t  shee t  

has  departed f rom the region of gas  entry,  o r  both. 

The s h a r p  increase  in overal l  efficiency at 6 KV, is observed in 

spite of the fact that the mass of propellant requi red  for  breakdown increased  

f rom that requi red  at 4 KV. 

accounted for  contribution of erosion to  the m a s s  flow and /o r  i nc reased  

mass utilization efficiency a t  6 KV. 

ruled out in  the p re sen t  absence of quantitative determinat ions of erosion,  

however, significant e ros ion  appeared to be ruled out on the bas i s  of visual  

Possible r easons  for  this i nc rease  a r e  the un- 

The  f i rs t  possibil i ty cannot be completely 

5 
inspection of the electrodes and insulators af ter  10 shots on the Mod. A-4T 

gun, at  l ea s t  4 KV and below. ( S e e  a i s 0  t h c  d c t a i i e d  a r g a m e n t  Secticn io .  i4). - 

Another unresolved question is what contribution desorbed gas f r o m  the 

e lec t rodes  might give towards the total m a s s  flow. 

The  increase  of t h e  overa l l  efficiency 

in  the face of decreas ing  exhaust s t r eam energy efficiency ( 1 1  ) in going c a1 

f rom 4 to  6 KV (Fig.  34) is consistent with e i ther  of these possibil i t ies s ince . 
in  e i ther  case ,  the rat io  out i n c r e a s e s  with voltage. 

The  energy efficiencies shown i n  F igu re  34 may  well be general ly  too 

low because a) the  ca lor imeter  is known not to collect  the en t i re  exhaust 

s t r e a m  and b) the collecting efficiency may be less than unity. 
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1 1.8 Discussion 

Although a peak exhaust s t r e a m  energy  efficiency exis ts  a t  3 KV for  

this configuration, the fact  that re la t ively high efficiencies a r e  m e a s u r e d  

a t  higher voltages, and that the overa l l  efficiency, f r o m  thrus t  m e a s u r e -  

ment ,  is i n  excess  of 40% at 6 KV suggests  that  m o r e  consideration should 

be given to the higher voltages, with possible e ros ion  quantitatively taken 

into account. 

The Mod. A-4T gun r ep resen t s  the m o s t  successful  a t tempt  to  date  

in  minimizing the amount of propellant requi red  to opera te  the gun. Since 

no d e c r e a s e  in th rus t  was found even for  this  minimum amount of propellant,  

f u r t h e r  improvements  along this  line appear  possible. Such improvements  

might well  be accomplished through fur ther  changes in  the s ize  and shape 

of the injector nozzles o r  auxi l iary t r iggers .  

Results have a l ready  shown that auxi l iary t r iggering f rom a f i r s t  

stage provides the means for  d i scharge  breakdown at densi t ies  below those 

which would otherwise cause breakdown. The f i r s t  stage,  as s ta ted  

previously,  offers an opportunity to  control  both the t iming and the position 

of dis charge initiation. 
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12. CONCLUSIONS AND SUMMARY 

12. 1 Summary  of Accomplishments 

The end r e su l t s  of the work c a r r i e d  out during the contract  per iod 

have been the following: 

1. The observat ion of an  exhaust s t r e a m  energy efficiency as 

high as 63%. 

2 .  2. The achievement of a n  overal l  engine efficiency, T / 2  m P, 
. 

of 42% where  m is based on the input m a s s  flow only. 

3. The reduction of external c i rcu i t  l o s s e s  to 13% of the total  

init ially s to red  in the capacitor. 

4. The repeti t ive operation of t h e  m o s t  efficient engine configuration 

at power leve ls  up to 8 KW and repeti t i t ion r a t e  of 10 cps. 

5. The  successfu l  repetitive cperat ion of a fast-acting va?ve injecting b 

sufficiently s m d l  samples nf u pas sn  that I pond m.;rss i-1til.iz;rtinn is indica.ted.; 

6. 

p romise ,  i f  fully exploited, of bringing s t i l l  fu r ther  improvement  In overa l l  

The establ ishment  of trends in  acce le ra to r  operat ion which show 

engine performance.  

7. The fur ther  refinement of  measur ing  techniques requi red  fo r  

determining the operating charac te r i s t ics  of the engine. 



12.2 Summary of Efficiency Trends  

The data presented in  the preceding sect ions have been summar ized  

in  F igu res  44-46 to show trends in  the energy efficiency as var ious sys t em 

p a r a m e t e r s  a re  varied. In surveying F igu res  44-46, it is quite apparent  

that  over  the range of pa rame te r s  studied, the ma jo r  influence on the energy 

efficiency was the gun geometr ies  and mode of g a s  loading. Caution should 

be exerc ized  in the compiled data to predict  t rends  beyond the range of 

sys t em pa rame te r s  studied s ince the p a r a m e t e r s  a r e  not independent var iables .  

The variation of energy efficiency with ex terna l  capacitance and 

inductance is summar ized  in  F igure  44, fo r  each of the th ree  bas ic  var ia t ions 

in  propellant loading modes. 

e i ther  of these pa rame te r s  had any significant effect was for  the Model R 

acce le ra to r ,  for which there  was a marked  change in  efficiency with changing 

capacitance. Otherwise, inductance was var ied  over  a factor  ten and 

The only condition under which var ia t ion of 

capacitance over a factor  t h ree  without any ma jo r  a l te ra t ion  in  performance. 

In Figure 45, an  attempt is made  to indicate the sepa ra t e  effects 

of changing gun geometry and propellant loading modes,  although it should 

be kept i n  mind that both p a r a m e t e r s  a r e  changed when the electrode rad i i  

ra t io  is altered. 

paring the Model R with the Mod R-1 and the Mod A-3 with the Mod A-4 

Clear  separat ion of the two effects is possible  when com- 

guns, fo r  given radi i  ratios.  

gun performance changes. 

It is c l ea r  that  both var ia t ions cause major  

Finally, in  F igure  46 it is shown that  gun length a l so  plays a 
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minor  role,  within reasonable l imi t s ,  i n  determining the energy efficiency 

of the engine system. 

Model R accelerator ,  s ince it might have been concluded f rom F igure  44 

that  gun length and capacitance were  badly mismatched for  these runs. 

This  is par t icular ly  s t r iking in  the case  of the 

If a tentative conclusion were  to be drawn f rom these observations,  

i t  would be that future significant a l terat ions in gun per formance  a r e  m o r e  

likely to come about a s  a r e su l t  of gun geometry changes and gas loading 

techniques rather  than by var ia t ion of the charac te r i s t ics  of the energy 

s torage  system. 
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12.3 Areas  fo r  Immediate Improvement 

The optimization of engine system efficiency has  continued to be the 

overr iding goal of this progr'am and, as has  a l ready  been stated,  the know- 

ledge gained f rom the resu l t s  described above has  provided many useful 

indications of the directions to be taken toward reaching this goal. 

The a r e a s  having the grea tes t  potential for  fur ther  improvement  of 

1)  Additional modifications in the the gun efficiency include the following: 

geometry of the injector  nozzles,  e. g 

to  continue the indicated t rend thus f a r  established. 

the t r i gge r  electrodes.  3 )  Fur ther  i nc rease  in the electrode d iameter  

ratio. 4) U s e  of a diverging outer  electrode, 5 )  Modification of the  

d iameter  t ransi t ion in  the inner  electrode to give a m o r e  sudden diameter  

change and a relatively l a r g e r  initial diameter.  

by increasing the nozzle d iameter  

2) Reinstitution of 

6)  Optimization of gun 

length for  

It 

r ema in  to 

conce r t ed 

each new condition. 

s fe l t  a t  this point that  while many obvious pa rame t r i c  changes 

be t r i ed  and evaluated, the t h e  has  now come for a maore 

effort  towards understanding the detai ls  of the plasma acce le ra -  

tion p rocess  in the mos t  efficient configuration at hand. 

Additional information is necessary  regarding charged par t ic le  and 

neut ra l  density and velocity distributions p r io r  to, during, and af ter  the 

acce le ra to r  discharge. The Bb probe and other  e lec t r ica l  measurements  

descr ibed  above should be expanded to yield m o r e  information regarding the 

dis t r ibut ion of cur ren ts  and fields in the acce lera tor .  

r e s u l t s  of these measurements  with those of the macroscopic  p rocesses  of 

engine operation, such a s  thrust ,  exhaust s t r e a m  energy, e lec t r ica l  

Correlat ion of the 
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t rans ien ts  and electrode and capacitor l o s s e s  may  yield the development of 

an analytical model, f rom which the acce le ra to r  response  to  var ious pa ra -  

me t r i c  changes can be m o r e  reliably predicted.  

With respect t o  the measurement  of g r o s s  operating charac te r i s t ics ,  

it i s  important that  these  be  ca r r i ed  out with engine operation a t  higher 

repetition rates  and with runs of extended duration so that a quantitative 

determination of erosion r a t e s  wi l l  be  possible. 

and insulator tempera ture  and surface conditions on engine thrus t  and 

efficiency should be determined,  and a s  many other  acce le ra to r  

character is t ics  as is possible  should be  monitored under these  conditions. 

A by-product of this effort would be a n  indication of the  l ifetime of vital 

components including electrodes,  insulators ,  fast-acting valves,  and 

capaci tors .  

The effects of electrode 

A t  the  end of the previous contract  per iod,  the  lo s s  in efficiency due 

to  the  energy dissipated in the capacitor bank and energy t r ans fe r  sys tem 

was singled out a s  the a r e a  requiring mos t  immedia te  attention. 

t ime  a s  much a s  67% of the energy initially s tored  in the  capacitor was 

dissipated outside the act ive portion of the gun. 

reduced to  approximately 13% in the A-4T gun, and additional improvement  

appears  possible. 

p resent  capacitor bank can be reduced by at l ea s t  a factor  of 10 (and 

possibly a factor of 50) through the use  of improved capaci tors  now being 

made  available. 

A t  that  

This  l o s s  has  been 

The high equivalent s e r i e s  res i s tance  (low Q) of the 

Advances in capacitor technology involving the use  of 
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paper ,  film, and inorganic dielectrics in conjunction with l e s s  lossy  

impregnants,  and improvements in foil and lead configurations a r e  

responsible for such potential gains in performance. 

ments  important  for space flight application include reduced capacitor 

weight per  joule, increased  capability for operation a t  elevated 

terr lperatures ,  slid a capaluiliiy- for operaiioIi iii the .-.. V C I L ~ U I I I  c .I..- c l i i v  fi-.r:%.,....--fi-+ II V I I I I I L I I L .  

Additional improve-  

E a r l y  in  the contract  period, i t  appeared that the laminated shee t  

foi l -pressed mica  capacitor design.developed by Tobe Deutschmann 

Labora tor ies ,  Inc. embodied all of these advantages. In the course of 

planning the application of these units, it became apparent  that an a r r a y  

which was mos t  compatible with our vacuum chamber and th rus t  balance 

capabili t ies could be a l so  designed to a c t  a s  a var iable  length t r ansmiss ion  

l ine energy  source.  

efficiency, but would great ly  simplify the analysis of energy distribution 

in the discharge circuit. 

p r o c e s s  caused these capaci tors  to be unavailable during this contract  

period. 

Such a l ine might offer not only a n  inc rease  in  t r ans fe r  

An unexpected catastrophe in  the manufacturing 

Another capacitor design, not investigated previously,  is the fi lm 

d ie lec t r ic  type, which may off higher Q and higher energy  s torage  density 

than the oi l  impregnated paper units used to date. An acce le ra to r  and 

capaci tor  bank using nine, 3 KV, 5 ufd. aluminum foi l -mylar  fi lm units 

connected in  para l le l  is shown in Fig. 47. 

approximately 9 Kg; 

The total  weight of the bank is 

its inductance is comparable to that of the Mark I1 

107 



108 

a' 
0 

a 
k 
0 

u 
Id a 
d u 

c, ..-I 

3l .rl 

a, 
3 
2 0  s 

E 

.. 
d 
d 
Id 

VI 



109  



capaci tor  bank present ly  in  use, while its Q is about five t imes  higher 

than that  of the present  bank. 

More  conventional capaci tors  using oi l  impregnated paper  and oil  

impregnated "Samica" d ie lec t r ics  with Q ' s  in  the range f r o m  50 to 200 

at 100 KC, will a l so  be available for  testing in the next contract  period. 
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13. CONCLUDING REMARKS 

The consistent improvement in engine s y s t e m  efficiency which has  

been achieved during this contract  period has  been encouraging indeed. 

St i l l  m o r e  encouraging is the fact  that there  is ample  opportunity for  

fur ther  improvement since neither convincing analysis  nor experiment  

indicate that a n  upper l imit  of engine performance h a s  been approached, 

Some of the means  fo r  the fu r the r  refinement of engine operation have 

been discussed above. 

m u s t  be identified, investigated, and brought to  final solutions before 

what is present ly  a laboratory device can be developed to a t rue  engine 

prototype. The r e su l t s  of the past  year  and the promise  fo r  the future 

have considerably increased  the desirabil i ty of such additional studies. 

These  a r e  but a few of the problem a r e a s  which 
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